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Abstract

Measurements of trace constituents obtained by instruments aboard the Upper

Atmosphere Research Satellite (UARS) have been used to study transport processes

associated with the quasi-biennial oscillation, laterally propagating Rossby waves, and

upward propagating Kelvin waves in the tropical and subtropical upper troposphere and

stratosphere. Mean vertical motions, vertical diffusivities and in-mixing rates were

inferred from observations of the 'tape recorder' signal in near-equatorial stratospheric

water vapor. The effect of the QBO on tracer distributions in the upper half of the

stratosphere was seen in a spectacular 'staircase' pattern, predominantly in the winter

hemisphere, revealing the latitudinally asymmetric nature of QBO transport due to

induced mean meridional circulations and modulation of lateral mixing associated with

planetary Rossby waves. The propagation of Rossby waves across the equator in the

westerly phase of the QBO was seen in tracer fields and corroborating UKMO analyses; a

modeling study of the effect of these waves on typical QBO wind profiles was performed.

Water vapor in the upper troposphere and lower stratosphere was found to exhibit

signatures of the tropical intraseasonal oscillation (TIO) and faster Kelvin waves in the

two regions, respectively.

These observational studies demonstrate a remarkable capability of UARS measurements

to elucidiate several fundamental aspects of dynamics and transport in the tropical upper

troposphere and stratosphere. Noteworthy among these is an estimation of upwelling due

to the Brewer-Dobson circulation, which had not been observed directly prior to UARS,

and the hydration of the tropical upper troposphere due to the passage of the convectively

active phase of the TIO.
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Mixing zone in the tropical stratosphere above I0 mb

Timothy J. Dunkertoa and Don_l J. O'Sullivan

Northwest Research Associates,Bellevue,Washington

Abstract. Observations of trace constituentsobtained

from the Upper Atmosphere Research Satellitein late

winter 1991/92 reveala zone ofquasi-horizontalstirring

in the _ropicalstratosphereabove tO rob,equatorward

ofthe subtropicaljet.This mixing regionwas separated

from the midlatitude surf zone by a strong gradient of

potentialvorticityand traceralongthejet a_s. The jet

and accompanying gradientsare climatologicalfeatures.

Mixing equatorward of the jetevidentlydepends on the

phase of the quasi-biennialoscillation.

Introduction

The distributionof long-livedtraceconstituentsin

the middle atmosphere is affected by quasi-horizontal

stirringdue to planetary Rossby waves and instabili-

tiesresultingfrom these waves. Preferred regions of

mixing include the 'surf zone' in the midlatitude win-
ter stratosphere [McIntyre and Palmer, 1984], the polar
winter mesosphere [Dunkerton and Delisi, 1985], and

the lowermost stratosphere in all seasons [Chen, 1995;
Dunker'ton, 1995; Holton et al, 1995]. Steep horizontal

gradients of potential vorticity and trace constituents
are observed at the lateral boundaries of mimng regions.

In this letter we describe another region of stirring, the
northern tropical stratosphere above 10 mb, as observed
by instruments aboard the Upper Atmosphere Research

Satellite (UARS) in late winter 1991/92.

Data Analysis

Several UARS constituents were examined, including

water vapor (H20) from the Microwave Limb Sounder
(MLS) version 3 [Barath et al, I993; Waters et al, i993]

and nitrous oxide (N_.O) from the Cryogenic Limb Ar-
ray Etalon Spectrometer (CLAES) version 7 [Roche et

el, 1993]. Features described in this letter were ob-
served in other UARS constituents as well, but could

be seen more clearly in some tracers than in others,

depending on the background distribution. Level 3AT

data, consistingof soundings along the orbital track,

were interpolated to a longitude-latitude grid using 4
consecutive days of data as input. The weight func-

tion was an elliptical gaussian with major axis aligned
in the zonal direction. Assigning a relatively small ra-

dius ofinfluence(3°xl°)to thisfunction,comparable to

the distance between soundings, strong tracer gradients

Copyd_t 1996 by the American Geophysical Union.

Paper number 96GL02302
009_t-8534/96/96GL-02302S05.00

were preserved,as well as in the originaldata. A disad-

vantage of this method is that any rapidly evolving (<

@day) disturbances axe aliasedinto spurious features

with short lon_itudinalscale. Alia.singw_ insignifi-

cant in the examples shown, but small-scale features in

our tracer figures should be viewed with caution. This
simple procedure captured r,he slow evolutionof tracers

affected by quasi-stationaryplanetary waves, and was

entirely adequate for zonally averaged latitude-height
cross sections.Circulationdata were obtained from the

United Kingdom Meteorological Office (UKMO) anal-

yses [Swinbank and O'Neill, 1994], and the state of _he
quasi-biennial oscillation (QBO) at the equator was de-
termined using rawinsonde data from Singapore (1.4° N,

104.0°E).

Results

Figure I displays the mean zonal wind at 4.6 mb for

UARS day 50-650 beginning in November 1991. The
first northern winter, occurring in a deep easterly phase

of the QBO (--70-15 rob), experienced stronger wave
activity and a more disturbed vortex _han the second
winter, occurring in a deep westerly phase. Aside from

differences in timing, the mean flow evolution was qual-
itatively similar in the two winters. Breakdown of mid-
winter westerlies led to the formation of a detached sub-

tropical westerly jet near 30°N. This jet is commonly
observed in late northern winter [Randel, 1992] persist-

ing for one or two months after the transition to e_t-

erlies at higher latitudes.
To illustrate the relation between the subtropical je_

and quasi-horizontal stirring, we focus on the second
half of February and first half of March 1992, UARS

days 160-185, indicated at the top of Fig. 1 by a bold

line. Figures 2a,b show latitude-height cross sections
of MLS H20 and CLAES N_.O, respectively, averaged

over this time interval. Figure 3 shows the correspond-

ing latitude-height cross section of mean zonal wind,
from UKMO analyses. The axis of the subtropical je_

is indicated by a bold curve in each of the figures, and

a few isopleths of N_.O are superposed in Fig. 3. Both
constituents display an unusual %taircase' pattern in

the latitude-height plane (highlighted in yellow)• This

complicated pattern can be separated into individual
features and interpreted, tentatively, as follows: 1) In

the upper stratosphere south of the equator, tracer iso-

p[eths are pushed upward due to Brewer-Dobson up-

welling. 2) In the upper stratosphere north of the

equator, between 10 and 2.2 rob, there is a region of

weak tracer gradient due to quasi-horizontal stirring (as
shown below). 3) Near the tropical stra_opause there

2a97
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Figure I. Latitude-time crosssectionof mean zonal wind at 4.6rob,from UKb[O analyses.
Contour interval 10 ms-L, easterlies are shaded.

is a double-peak structure associated with the onset of

the semiannual oscillation (SAO) west phase. 4) In the

tropical middle stratosphere, there is another double-

peak structure associated with the onset of the QBO
west phase. This feature is visible as a weak depres-
sion of tracer isopleths on the equator accompanied by
tracer anomalies on either side, the one on the north

side being especially prominent in N_.O. 5) There is a
s_rong horizontal gradient of tracer atong the a.,ds of
the subtropical jet, extending from the middle strato-

sphere, where the gradient is visible in bo_h tracers,
to the upper stratosphere, where the gradien_ is evi-
dent only in H_.O. Lack of a strong gradien_ in N_.O

is attributable to the small amount and/or weak back-

ground gradient of this constituent in the upper strato-
sphere. 6) Tracer isopleths in _he midlatitude Northern

hemisphere stratosphere are quasi-horizontal, extend-
ing across the region of weak mean zonal wind, i.e., the

surf zone. 7) A modest horizontal gradient of N__O at
46-22 rob, but not of H_.O, coincides with the a_s of a

weak polar night jet near 60°N.
Comparing Fig. 2 with a cross section one year later,

in the opposite phase of the QBO, we find several sim-
ilarities and differences. There is a strong gradient
of tracer coincident with the subtropical jet, flat [so-

pleths of tracer across the midlati_ude surf zone, and a
modest N_.O gradient approaching polar latitudes (not

shown). The SAO double peak is also apparent. On the
other hand, there is less evidence of Brewer-Dobson up-

welling south of the equator, no hint of QB0 anomaly
in the middle stratosphere, and no evidence of quasi-

horizontal stirring in the upper half of the tropical

stratosphere.
The QBO evidendy affects _he distributionof con-

served tracers in four ways. 1) QBO circulation cells

in the tropics advect tracers horizontally and vertically

in the latitude-height plane. 2) The QBO zonal wind
anomaly determines whether planetary B.ossby waves

can enter the tropical stratosphere from the winter

hemisphere. 3) The equatorial QBO affects the polar
vortex and planetary-wave flux in the northern winter

stratosphere, thereby indirectly influencing the amount
of wave activity that can enter the tropics, and 4) the

strength and southern extent of the Brewer-Dobson cir-
culation.

We note incidentally that UKMO analyses underes-
timated the onset of the QBO wes_ phase in early 1992

relative to that of Singapore. While there is a sugges-

tion in Fig..3 of westerly vertical shear at the equator
above 22 rob, Singapore winds revealed a much stronger
shear with absolute westerlies mammizing at almost 20

ms -1. The reason for this discrepancy is unknown.

The latitude-height cross sections of tracer and mean
zonal wind in Figs. 2,3 are representative of shorter in-

tervals within this time period. Figure 4 displays a hor-
izontal map of CLAES N20 and UKMO zonal wind for

UARS days 180-18.3 at the 4.6 mb level. There was a
significant planetary-wave event in .March 1992, leading
to the breakdown of a remnant vortex and final tran-

sition to summer easterlies at higher latitudes. This

event was underway during the time period shown, but

unfortunately, the north-viewing yaw period of UARS
ended on day 194.

In Fig. 4, a strong tracer gradient just north of the
equator bifurcates into two strong gradients near the

dateline; the northern one links up with the subtrop-
ical jet and closely follows the jet axis as it mean-

ders through the Western hemisphere and extends into
midlatitudes in the Eastern hemisphere. The flow is

dominated by wavenumber I, but higher wave.numbers
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Figure 3. Latitude-height cross section of mean zonal
wind, from UKMO analyses, averaged over UARS day
160-185. Contour interval 5 ms-z, easterlies are shaded.
A few isopleths of N20 are also shown (thin lines).

develop in the Western hemisphere inside the tropical
mixing region. A sequence of maps around this time

suggests that the apparent flux of high N20 concen-
trations into the Northern hemisphere is occurring in
two branches: one near the dateline, and another near

90°W. Spontaneous formation of higher wavenumbers
was observed in nonlinear simulations of a Rossby-wave

critical layer [Salby et al, 1990].
What is remarkable about this picture, in contrast

to the usual midlatitude surf zone, is that the narrow

mixing region occurs equatorward of the subtropical jet,
rather than poleward of it, and is dynamically sepa-
rated from the midlatitude mixing region• In effect,

one can imagine that the subtropical jet has split the
surf zone into two parts: a midlatitude part and a trop-
ical part. The tropical mixing zone is isolated from the
midlatitude surf zone at most longitudes, except over
east Asia and the west Pacific. Meridional displace-
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ment of air parcels is reduced in the jet core, so chac

mixing isinhibitedthere. Mi._ingis encouraged where

parcel displacements are large,i.e..approaching a crit-

ical layer. This [nterpretacion is _upponed by Fig. 3,
showing chat ;he zero-_ind line intersects the cropicat

mLxing zone above 10 rob. The subtropical jet and ac-

companying PV/tracer gradients are most likely the re-
suit of i) Coriolis torques due to a mean meridional

c/rcula_ion extending outside the region of wavedriving

to the north, and 5) mixing on either side of the jet
ma:dmum.

Conclusion

UARS observations suggest tha_ the so-called sub-

tropical transport _barrier', evident a_ lower levels in

volcanic aerosol and trace constituents [e.g., Trepte

and Hitchman, 1992, Randel et el, 1994] extends _o
higher altitudes and represents not only the equator-
ward boundary of the midlatitude surf zone but also

the poleward boundary of an intermittentmixing zone

inthe tropEcalupper stratosphere.Although thisregion
is not as isolated from midlatitude disturbances as at

lower levels, the subtropical jet separates the intermit-.

tent tropical mixing from the more pervasive stirring in
the midla_itude surf zone. Except where the subtropical

gradient is breached, there is tendency for the tropica[

stratosphere to remain isolated even at higher levels.
During the west phase of the QBO, a strong tracer gra-
dient also develops at the equator, which marks the

southern boundary of the tropical mi:dng zone.
Strong PV/tracer gradients often coincide with west-

erly jets in the atmosphere and ocean because Rossby-

wave and instability critical levels cannot exist near a

westerly maximum. Propagating Rossby waves mus_
have negative intrinsic phase speed and therefore can-
not have a critical leve[ near the center of a westerly

jet. Barotropic and baroclinic instabilities must have a
critical level in a region of reversed potential vorticity

gradient, which can only occur in the flanks of a west-
erly jet. Mixing is therefore inhibited near the jet core,
but as long as the maximum wind is not too strong,

Rossby waves can propagate across the jet and break in
adjacent regions of weaker mean flow.

Not all tracer gradients are necessarily the result
of Rossby wavebreaking. A strong, zonally symmet-

ric N,.O gradient at the southern boundary of the do-

main in Fig. 4 suggests a possible role for differential
upwelling in subtropical latitudes of the summer hemi-
sphere, in addition to a 'leftover' effect of wavebreaking

from the previous winter. Further study is necessary to

determine the relative importance of these effects.
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Cross-equatorially radiating stratospheric Rossby

waves

Donal O'Sullivan

Nor:hwesc Research .-_sociates, Bellevue,Washington

Absl:ract. Upper Atmosphere Research Satellite ob-
servations of constituent distributionsin the middle

s_ra_osphere show that extratropica[ Rossby waves from
the winter hemisphere can, at certain times, radiate
across the equator and reach the summer subtropics
before they break and are absorbed. Conditions are
most favorable for Rossby waves to radiate into the
_ropics when the westerlies of the winter hemisphere ex-
tend to low latitudes, as usually occurs during Novem-
ber and December in the northern hemisphere. Cross-
equatorial radiation of quasi-stationary Rossby waves
requires westerly equatorial winds, as occurred in the
middle stratosphere in late 1992. Constituen_ distri-
bution maps show numerous episodes of Roasby-wave
radiation across the equator during this early winter
period, but not after early January 1993. Wave break-
ing in both the winter and summer subtropics above
22 mb causes constituent exchange between the tropics
and ex_ratropics, including deep tropical in-mixing.

Introduction

Little is known observationally about the interac-
tion of extratropical stratospheric Rossby waves with
the tropics partiy because Rossby waves have a rela-
tively weak temperature signal at low latitudes. Such
information is desirable, however, as Rossby waves from
the winter hemisphere may impart significant momen-
tum to the tropics and because they can induce con-

stituent transport. Here the distributions of a long-
lived constituent species, nitrous oxide (N_.O), are ana-
lyzed to reveal eddy motions at low latitudes in the mid-
dle stratosphere. United Kingdom Meteorological Of-
fice (UKMO) assimilated winds [Swinbunk and O'Neill,
1994] are also used to interpret the deduced wave be-
havior.

Data

N_.O observed by the Cryogenic Limb Array Etalon
Spectrometer (CLAES) instrument [Roche et al.. 1993]
on the Upper Atmosphere Research Satellite (UARS)
are used here. The data used were Level 3AT, consisting
of soundings along the orbital track. The UARS orbit

allowed coverage of _he s_ratosphere between 35_ S (N)
and 80 ° N (S) during a northward (southward) viewing
yaw period with over 1200 vertical profiles measured per
day'. The L3AT data were interpolated to a latitude-
longitude map using data from three consecutive days,

Cop_ght [997 by the American Geophysical Un{on.

Paper number 97GL01336.

009a.-853-I/97/97GL-0 t 336S05 00

using an ellipgical Gaussian weight function with major
a_s aligned in the zonal direction, as in [Dunkerton
and O'Sullivan. 1996 I. N_.O has a ground level source
and i_ destroyed in the stratosphere by photoIysis, its
lifetime is approximately one year at I0 rob, increasing
rapidly a_ lower altitudes.

Results

Figure 1 shows maps of N__O mixing ratio at 10 mb
during November and December, 199"2. The polar vor-
tex air has very low N_.O values (dark blue) due to de-
scent within the vortex and its isolation from the extra-

tropics by the polar night jet. The winter mid-latitudes
are dominated by the surf zone with large-scale stir-
ring around an anticyclone over the north Pacific and
Canada. The tropics have upwelled air rich in N,.O,
some of which is drawn northwards over Africa (on this
occasion) into the mid-latitude surf zone by breaking
Rossby waves [Randel eg al., 1993]. Overlaid I0 mb
UKMO wind vectors and potential vorticity (PV) con-
tours show the winter polar vortex is disturbed by a
developing anticyclone, while there are weak easterlies
in the summer extratropics. The quasi-biennial oscilla-
tion (QBO) phase is westerly at 10 mb during this pe-
riod (Fig. 2), a necessary condition forcross-equatorial
radiation of quasi-stationary Rossby waves.

Maps of N_.O at I0 mb from the period November
1992 to early January 1993 frequently show patterns as-
sociated with Rossby wave radiation across the equator
and wave absorption in the southern hemisphere sub-
tropics. A dramatic example of such events occurred
over a period of approximately two weeks from late
November _o early December. "_he N_.O and PV fields
in Fig. I show a zonal wave one pattern extending into
the tropics from the midlatitudes of the northern hemi-
sphere; e.g., note the strong meridional gradient of N_.O
and PV trailing southwestwards from _40°N, 90°E to
about 10°Y, 180°W. N_.O also has a strong meridioaal
gradient near 5°5 - 15°S at this time which is rear-
ranged by a zonal wave one disturbance whose zonal
phase is consistent with its being an extension of the
wave one north of the equator. Similarly the tropicat
region of high N_.O (upwelled air) is wider meridionally
in the western hemisphere _han in the eastern hemi-
sphere during the time period of Fig. 1, in response to
the presence of zonal wave one Rossby wave activity.

Figare la shows N.,O and PV at 10 mb on Novem-
ber 20-22, 1992. The N_O pattern has zonal wave one
asymmetry at low latitudes but is relatively smooth
at smaller scales. Figure Ib shows a similar view
four days later with the tropics dominated by zonal
wave one bu_ now with smaller-scale disturbances near

the dateline The agreement between the the smaller-
scale N_O and PV tropical patterns supports the idea
that they arise from quasi-horizontal motions associ-

l..:S3
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ated with Rossby waves. The clockwise roll-up on the
equator near the dateline indicette_ Rossby wavebreak-
ing is occurring there. South of the equator N_O's

isopleths show rearrangement consistent with incipien_
wavebreaking, but not of a simple wave one distur-
bance _ there are two developing crests of e×_ratropi-
cal air penetrating the tropics.The N,.O patternnear
the dateline isconsistentwith a wavetrain of medium

scale waves Rossby waves emanating from the winter
subtropics and radiatingsouthwards. Apparently the

zonal-wave one's breaking isdisturbed by a more local-
ized Rossby wavetrain radiating into the tropics. The
localized Rossby wavetrain appears to originate from a
positive PV anomaly which was adverted around a de-
veloping anticyclone over the north Pacific region. The
positive PV (low No 0) anomaly appears in Fig. ib at
15_-30°N, t$0°-tS0°E. This featurewas _vected tolow

latitudesfairlysuddenly during the previous 2-4 days;
prior to that, air with such low N_.O remained north

of--.25_N. Heavy solidlinesin Fig. Ib are subjectively
placed to indicate the ridge and trough axes of the waves
seen in N_.O, while an 'X' marks the probable wave-
train source. From the NE-SW orientation these waves'

trough and ridge axes it [s clear that the the wavetrain
is southward radiating (having northward momentum
flux) and the waves are distinct from northward radiat-
ing waves which break at southern low-latitudes during
southern winter.

Following a five-day data gap as the satellite changed
from south viewing to north viewing orientation, Fig. ic,
shows N-.O from Dec 2-4, 1992. The tropics and win-
ter subtropics are still disturbed but less dramatically
than in Fig. lb. Folded isopleths in Fig. [c show that
wave energy reaches to ~20°S. The folds between the
equator and _.5_S develop little over the next four days,
however, other than being sheared westward by the
summer hemisphere easterlies, and fade from view af-
ter about ten days. The lack of critical line rolbup in
these folds indicates that the wave's are behaving ap-
pro.,dmatety linearly at this time, consistent with the

waves having slow westward phase speed (---.5-i0 ms-t).
As the wave activity approaches its critical latitude
in the summer easterlies the waves' meridioaal wave-

length contracts, as expected from linear wave theory.
In Fig. Ic, and during the following week, _here are
hintsofclockwise roll-upmotion near 15-25°S,60-120°E

which driftswestwards at abou_ 7-8 ms -t. This repre-

sents wavebreaking and absorption of wavetrain energy
which probably also occurs at other longitudes but is
not easily seen in the mappings. Thus Fig. 1 shows
wavebreaking occurring at the equator (Fig. Ib) and
near 15-25°S (Fig. Ic) which is distinct from the north-
ern hemisphere's midlatitude wavebreaking zone.

It is difficult to unambiguously identify the character-
istics of the Rossby waves crossing the equator: above
the l0 mb level (e.g., 8.8 and 4._ mb) the mixing ra-
tio pattern near the equator is dominated by zonal
wavenumber one, while below (I4.7 rob) the localized
wavepacket nature predominates. It islikely that cross-
equatorial radiation of zonal wavenumber one is blocked
below I0 mb by unfavorable zonal mean winds in the

winter subtropics.Stronger westerlywinds in_he win-

ter subtropics south of the Pacific sector anticyclone al-
low the medium-scale wavetrain to radiate southwards
even below 10 rob, however.

Map animations from November and December Ig92
show that tropical air is regularly stripped from the
tropics and mixed to higher latitudes (>10_-[.5'N or S)

by wave breaking in both the northern and southern
subtropics, due to Rossby waves from the winter hemi-
sphere ex_ratropics. While tropical detrainment into
the winter hemisphere has b_n observed before, these
observationsshow exchange alsooccurring on the sum-
mer side of the tropics. The case presented indicates
thac the mixing is bi-directionai ',rich summer extrat-
ropicat air penetrating deep into the tropics, even reach-
ing the equator (near the dateline in Fig. ic). Tropical
air is also seen adverted out to 250 S by the wave break-
ing (100 ° E, 25 o S).

Figure 2 is a latitude-height cross-section of zonal
mean N_.O and zonal wind averaged over the same three
days as Fig. ic. The wes_eriy QBO phase at £0 mb
and the westerly wind connection to the ex_ratropical
westerliesindicates that linear, quasi-stationary extra-
_ropical Kossby waves could freely reach the southern
hemisphere. The weakened N-.O meridiona[ gradient
near 15°S and above about 22 mb in Fig. 2 results from
such Rossby-wave radiation. Analysis of N_.O maps at
other levels (not shown) indicates the Rossby wave ra-
diation across the equator is confined between about 22
and 3.2 mb. This altitude range is above the QBO west-
erly maximum (Fig. 2), but coincides with the altitude
where there are strong westerlies across the subtropics
between the equator and the mid-latitude westerly jet.

Discussion

Rossby waves in the middle stratosphere frequently
crossed the equator during early winter 19.92-93. when
the QBO's phase w_s weakly westerly there, break-
ing at the equator and at low latitudes in the summer
hemisphere and causing exchange of tropical and ex-
tratropica[ air. Such behavior is consistent with the
evolution of the zonal mean wind at I0 mb during this
time. Strong zonal mean westerly winds extend south to
the tropics from mid-November through mid-December
(not shown). The qBO phase near I0 mb is west-
erly during this period so westerly winds extend across
the equator. These conditions are favorable for quasi-
stationary, southward radiating Rossby waves to reach
the southern hemisphere [Bowman, 1996]. During De-
cember the winter surf zone matures and a deeper min-
imum develops in the meridiona[ profile of zonal mean
wind, _, near 30°N with -ff < tO ms -t, versus "ff= 15-20
ms -t during November. This minimum inhibits south-
ward radiation of large-scale extratropical Rossby waves
from higher latitudes..4, deeper zonal wind minimum
implies a more effective filter forequatorward radiating
Rossby waves [Chert, 1996; O'Sullivan, 1997 I.

Rossby waves should not break and irreversiblyde-

celeratethe QBO's core west.er[ies if the core westerlies
are stronger than the zonal wind minimum between the
equator and the extratropicai westerlies [O'Sullivan,
Igg7]. (For localized medium-scale wavetrains this ar-
gument should be modified to consider the westerly
wind encountered by the wavetrain on its equatorward
path, rather than the zonal mean). The radiating waves
should break and be absorbed along the summer sub-
tropical flank of _he QBO westerlies and in _he winter
subtropics, but not at the equator. At intermediate
QBO phases, however, during transitions to easterlies
for example, the equatorial westerlies may no_ exceed
the sub_ropical westerly minimum and the Rossby-wave
filtering may not shelter the QBO core from wave break-
ing. During December 1992 the equatorial zonal'mean
wind was weakly westerly at l0 rob, with maximum
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Figure 2. Latitude-height cross-section of CLAES N oO and UKMO zonal mean wind, averaged over December

2-4, 1992. Contour interval is 15 ppbv (values less than !.5 ppbv are darkest blue), and l0 ms -t,

westerlies near 22 mb and increasing easterties above 6.8

mb (Fig. 2 above, and [Ortland et al., 1996], Fig. 12a).

Consistent with this, the presented case (Fig. l) shows
wave breaking mainly occurred at, and south of, the

equator at l0 mb and levels below, where the QBO

winds are westerly. At the 6.8 mb level (not shown),

however, the wave breaking zone expanded northwards,

engulfing the equator, consistent with the weak QBO

winds. Thus, the breaking of Rossby waves near the

equator in the middle and upper stratosphere, with mo-

mentum deposition and meridional mixing, are most

likely during early winter at levels where the QBO phase

is changing from westerly to easterly [Chen, 1.996]. This

work provides observational support for the idea that

Rossby waves contribute to the QBO's momentum bud-

get [Dunkerton, 1983] at upper levels.
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Abstract. Long-|ived stratospheric constituents observed by the Upper Atmosphere

Research Sate[Ike are compared between late northern winters 1991-1992 and 199"2-

1993. The phase of the qua.si-biennialoscillation (QBO) was such the= the

equatorial zonal wind was easterly (westerly) in the lower stratosphere during the
flint(second) winter. In the tropics,winter-to-winter differences in the [atkude-

height distribution of zonally averaged No.O and H=O are associated with differences

in large-scale upwelHng, the QBO's mean meridional circulations, and lateral

mixing by incident extratropica[ Rossby waves. In the extratropics, significant

differences in zonally averaged N20 and Ho.O are Mso found which ace believed to

represent the extratropicaI constituent QBO. The transport processes creating the

extratropica[ constituent QBO are tentativelyidentified:In the winter extratroplcs,

QBO modulation of the residual circulation appears to dominate in the upper

stratosphere, while QBO-modulated R.ossby-w_ve [sentropic mixing dominates

be[ow about i0 tuber. Analysis of Rossby waves at low latitudes, as deduced from

isobaric constituent distribution maps, suggests that the meridionM distribution

of Rossby wave breaking depends on the tropica[ zonal winds. Easterly QBO

winds prevent Rossby-wave _adia=ion into the tropics,so that _-strong constituent

concentration gradient isgenerated in the winter subtropics. Wester{y QBO winds

allow some wave radiation into the tropics,accompanied by [sentropic mimng in

the winter subtropEcs, cross-equatorial propagation, and occasional mixing in the

summer subtropics. These effeczsdepend on altitude and appear to vary in accord

with the descending phases of the QBO.

I. Introduction

In the tropics,the zonal mean distributionof long-
lived (:onsdtuents is dramatically altered by the annual

cycle, the semiannual oscillation (SAO). and the qua-_i-

biennial oscillation (QBO) [Gray and Pyle. 1986: Za-
wodny and _V[cCormick. 1991: Trepte and Hitchman.

1992; Hasebe, 1994; Hitchman et aI., 1994]. The mean
meridional circulations associated with dlese oscilla-

tions have upwelling/downweIling in conjunction with
easterly/westerly shear layers on the equator. Thus, tot"
example, a westerly SAO shear zone produces a double

peak of methane mixing ratio in the upper s_ratosphere

during springtime [Gray and Pyle, 1986].
Quasi-biennial variability [n constituents or circula-

tion is not.nearly as dominant in the e×tra_ropics as it

is[n the tropics, because of the larger interannual, sea-

sonal, and shorter-term variability present there. Nev-

ertheless,the interaction of the QBO with the northern
hemisphere extratropics has been documented in both

circulation and long-lived constituents: the most active

Copyr/gh_ I997 by _he .-kmerican Geophysical Union.

Paper number 97JD01689.
0148-0227/97/97JD-01689S0900

seasons [or QBO-extratropical in_eraction appear to be
winter and spring.

The interaction of _he QBO and extratropicM circu-

lation was firs_ documented by hrolton and Tan [1980.
1982] who found a robus_ corre[adon between _he phase
of the QBO at 50 mbar and the geopotentialheight in
the north polar region. The re[afionissuch tha_ the

December-February polar night jet isstronger during

winters when the QBO phase at ,50 mbar is westerly.

Such QBO-correlated interannual variabilky of the po-
lar vortex strength is now known as the extratropical

QBO. The coupling of the winter extratropical circula-

tion _o the QBO apparendy occurs through QBO mod-
ulation of extratropical Kossby-wave activity, as there

is greater Eliassen-Palm flux convergence at middle and

high latitudes throughout the stratosphere in the east-
erly QBO winter composite [Dunkerton and Baldwin.
il.99l,;Baldwin and Dunkerton, 1991; Baldwin and Tung,
1994]. This _endency has also been simulated in numer-

ical models [O'Sullivan and Salby, 1990; Dameris and
Ebel, I990; Holton and Austin: 1.991; O'Sullivan and

Young, l'992:0 'Sullivan and Dunk'erton, 1994; Butcha,'t

and Austin, 1996; Chen, 1996]. Such results imply _hat
ex:ra_rop/cM :raasport or" cons_huen_s should be mod-

ulated by _he phase of _he QBO, as suggested by Tung

and _hng [1994a, b] and Hess and 0 '$ulllcan [[99,5].

21,731
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Thus the QBO affects tracer transport not only in

the uropics bur also throughout the winter middle at-
mosphere. The QBO signal in tor.al ozone ha.,, been de-
scribed using data from the satellite-borne total ozone

mapping spectrometer (TOMS) [Bowman. [989: Last
et aL. 1989: C,handra and Stolarski, 1991; RandeZ and

Cobb, 1994; Tung and Yang, 1994a]. These data show

the dominant influence of the QBO in the tropics where

the total ozone anomaly is appro,vdmately in phase with

the equatorial 30-mbar zonal wind. They also depict
an off-equatorial total ozone anomaly which develops

in both northern and southern hemispheres during the
local winter-spring season, with amplitude and sign de-
pending on _he QBO's phase. This seasonally synchro-

nized subtropical and extratropicaI QBO signal in total

ozone max'imizes at -_$0°-40 ° latitude, and again at the
pole, and is out of phase with the tropical anomaly [e.g..
Randel and Cobb, i994, Figure Ill.

Studies using vertically integrated total ozone can-

not reveal details of the extratropical QBO's vertical

structure, however. Randel and Wu [1996] used strato-
spheric aerosol and gas experiment {SAGE) ozone and

nitrogen dioxide (over the range ±60 ° latitude with 1-
kin vertical resolution) and stressed the importance of

the extratropicalozone QBO at middle stratospheric

levels(above 30 mbar) in addition to the largersig-

nal at lower levels (below 30 mbar). The extratropi-

cal QBO for different constituents depends _eat[y on
the constir.uent's mean distribution, as this is the ba-

sic distribution that the QBO-modulated transport acts

upon. Thus to isolate the extratropical QBO _gnal
in constituent transport ideally requires multiyear data

sets with vertical and global coverage of constituents
which are long-lived at middle and lower stratospheric
levels. Unfortunately, such data sets wilt not be avail-

able in the foreseeable future. The Upper Atmosphere

Research Satellite (UARS) Halogen Occultation Exper-
iment (HALOS) data may prove useful for this pur-
pose, but the infrequent horizontal sampling by HA/OK

(about 30 profiles daily) [imh._ its value for studying
eddy transport processes.

In this paper, as an alternative to a long-term cli-
matological study, we compare long-lived constituent

distributions observed by UARS during its first two
northern winters. We note the fortuitous phasing of
the QBO. which switched phase by approximately t80°

between winters, from a deep easterly QBO phase dur-

ing the firs_ winter to a deep westerly phase during the
second. It is notable that the winter-mean extratrop-
ical circulations seen during these two northern win-

ters were similar to the extratropical circulations ob-
served for easterly and westerly QBO composites de-
scribed above. Thus it is reasonable to suppose that

the constituent transport seen during these two win-

ters is also representative of a multiyear QBO compos-
ite and that the constituent's winter-to-winter differ-

ence is representative of the constituent's extratropica[

QBO signal. The objectives of this paper are to ana-
Lyze the UAI:{S observations of tong-lived _tratospherlc
constituents [n order to determine the QBO's influence

on global constituent distributions and to ctarify how

the QBO modulates transport processes in ;he tropics
and winter hemisphere.

2. Data

The UARS constituents chosen for this study are ni-

trous oxide (N-.O) observed by the cryogenic limb array
etalon spectrometer (CLAES) instrumen_ [Roche et aL,
1993; Roche et al., 1996] and water vapor [H_.O) ob-

served by the Microwave Limb Sounder (MLS) instru-
ment [Barath et al.. 1993; Waters et al., t993; Laho:

et al., 1996]. Level 3AT data, consisting of soundings
along the orbital track, were used. The CLAES data
have a vertical resolution of 2.5 km. while .'vILS data

have about 6-kin spacing.
N_.O and H,.O are long-lived constituents in the strato-

sphere [Andrews et al., 1987, Figure 9.2]. N,.O is de-

stroyed through photolysis and has a lifetime of greater

than a year at [0 mbar, and which increases rapidly at
lower levels. HRO is created in the stratosphere from
methane oxidation and therefore has a lifetime similar

to methane's of about 3 years at I0 mbar and which in-

creases rapidly below. Methane's longer lifetime allows
this constituent to act as a source of HRO in the ex-

tratropical upper stratosphere, providing a background

concentration gradient that mixing processes can de-
form. On the other hand, N_O's shorter lifetime in this

region results in nearly homogenized, very low mixing
ratio values.

The UARS orbit allows coverage of the stratosphere
between 35_S (N) and 80°N (S) during a northward

{southward) viewing yaw period. Maps of tlle L3AT

data were made by interpolating to a latitude-longitude
grid using data from three consecutive days and an ellip-
tical Gaussian weigh_ function with major axis aligned
in the zonal direction, as described by Dunkerton and

O'Sullivan [1996]. These mappings take advantage of
the CLAES and MLS instrument's frequent sampling,

providing over t200 vertical profiles per day. Such map-
pings capture the slowly evolving features and are par-
ticularly successful at lower latitudes where wind speeds
are relatively weak. Comparison of maps for successive

days shows that most significant features at low lati-
tudes are slow moving and are well represented.

3. Comparison of the First Two
Northern Winters of UARS

3.1. Zonal Wind

The evolution of the stratosphere's zonal mean wind

at I0 mbar over the first two years of UARS is shown

in Figure l, using United Kingdom Meteorological Of-
fice (UKMO) assimilated winds [Swinbank and O'Neill.

1994a]. The polar vortex was relatively disturbed dur-

ing the first winter when the QBO phase was easterly

over a deep layer from 60 mbar to near 15 mbar ( Fig-

ure 2a), while it was relatively quiet during the second
winter [,l.[anney et al., 1994. 1995] when the QBO wa.-:
westerly over a deep Layer (from 70 r.o above iO mbar)

Comparing the two northern winters shows cleat the po-
lar vor:ex broke down earIier in 1991-I992 than the fol-
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Figure I. Latitude-time crosssectionof mean zonal wind a_ 10 mbar, from United Kingdom
MeteoroIogica[OI_ce (UI<MO) analyses.Contour intervalis.5m s-_, and easterHesare shaded.

The bold bars indicatethe duration of the northward yieldingyaw periodsdiscussedhere.

lowing year. In 1991-1992 the vortex broke down in

mid-January, whereas in the following year it survived
until the beginning of .March.

Although the UKMO assimilation provides a good
representationof the QBO a_ most time_ when com-

pared wi_h Singapore rawinsonde data (Figure 2a) [;.Vau.
jokaL 1986], there is a discrepancy at the t0-mbar level

during the first UARS winter, with the onset of the

westerly phase at 10 mbar occurring t0 months later in
the UKMO analyses than in Singapore rawinsonde ob-

servations (Figure 2a), occurring in September 1..992 ver-
sus November t99 I, respectively [$wmbank cmd 0 '.'v'_il[.

1994b]. The UAFLS high resolution Doppler imager

(HRDI) [nstrumen_ [O,'tland et aL. !.996. Figure 1.1.]
provides independent zonal wind observations and in-

dicates that zonal mean westerly winds near 10 mbar
first appear during April 1992. At other times, there

is much better agreemen_ between Singapore, UKMO,
and HRDt zonal wind observations.

Figure 2b shows the 1992 minus 1993 difference in

the zonal mean wind averaged over the months of Jan-

uary, February and March. This corresponds to an
"e_terly minus westerly" QBO phase difference and
shows the dipole pattern associated with Holtou and

Tan's [19801 extratropical qBO [Baldwin and Dunker-

ton, 1991., Figure 3]. The corresponding difference in

geopotential height at 10 mbar (not shown) also gave a
pattern similar to that of Holton and Tan [1980] (and

Dunkerton and Baldwin [1991]). These results suggest
that the QBO is responsible for the extratropica[ cir-
culation differences between _he two northern winters.

In the following we will refer _o the differing extratrop-

ical circulationas _t_e ex:ratropical QBO:s dynamical
signal. It is, in any case, the signature of a relatively
"active" versus _'inactive" winter in the northern hemi-

sphere stratosphere.

3.2. CLAES Nitrous Oxide Distributions

To compare the distribution of long-lived constituents
between the first two northern winters, we are limited

to the time periods when the UARS instruments were

northward viewing. This occurred from early Decem-
ber to mid-January and again from mid-February to

mid-March of both winters. Unfortunately. only" a few
days of data are available from the CLA.ES instrument

for _he first time period during the w{6ter of 1.991-
1992, so we concentrate on a year-_o-yearcomparison

ofconstituentsduring the mid-February to mid-.March

yaw period. Pta_e i shows the zonal mean N:O mix-
ing ratio cross section averaged over mid-February _o
mid-March for both years, along with their difference.

The bold horizontal line in _he tropics indicates the 2r-

km (--,20 mbar) level which approximately marks the

aerosol cloud _op in early 1992 [Lambert et al.. 1993].
Both winters show the extratropical surf zone between

about 20 ° and 60_N as a region of nearly horizontal
isopleths. The polar vortex is evident north of abou_

60°N in _he lower stratosphere as a region of lower No O
mi×ing ratio. Both years" also show displacement of iso-
pieths due to tropical upweiling and winter extratropi-

cal downwelling characteristic of the large-scale Brewer-
Dobson circulation. The elevated maximum No.O mix-

ing ratio in the tropics between 30 and 50 mbar (Plar.e

ia) is probably an artifact introduced by the Mount

Pinatubo aerosolcloud, since the major source of strato-
spheric N,.O is ground-level emissions from microbiolog-
ical activity fotlowed by tropicalascent into the strato-
sphere. A_ this time the Pinatubo aerosol cloud w_s

dense below about 30 mbar (---2(_ kin) within about 20 °
of the equator [Grant et al., 1.904]. so No O values in :l_is

region may not be accurate. It is unlikely that aerosol

lofting could explain the constir.uent pa_ern outside of
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Figure 2. (a) Monthly mean zonal winds at Singapore (I°N, 104°E). Contour interval is 5
m s-t and easterlies are shown by dashed lines. Shading denotes the time periods discussed in
this paper. (b) Latitude-height cross-section of the 1992 minus 1993 mean zonal wind difference,
averaged over January through March, from UKMO analyses.
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the equatorial lower stratosphere, however. As noted

by Dunkerton and Dellsi [1991] in their study of the
time period after El Chichon. itis difficult for aerosols

to have much direct, long-lasting impact on the mean
meridional circulation because (1) d_e aerosol _ends to

settle into a shallow layer, implying a small geopotential

perturbation for a typical temperature anomaly, and (2)
the aerosol spreads horizontally, reducing the latitudi-
nal gradient of heating (which is one of two terms driv-
ing the mean meridional circulation). Furthermore, (3)

aerosol-induced lofting is accompanied by ozone reduc-
tion. which has a buffering effect on the mean merid-

ional circulation [h'inne et al., 1992]. Finally, (4) the

magnitude and even the sign of heating rate above an

aerosol cloud is not known, so that little can be said
about the direct effect of aerosols above the aerosol

cloud.

Analysis of CLAES .N'20 during .January-March 1992

suggests _he following. The structure of the tropical

maximum (mixing ratio _ea_er than 240 parts per bil-

lion by volume (ppbv)) is consistent with transport by
the QBO mean meridional circulation as discussed by

Trepte and Hi_chman [1992l, Wen that the QBO zonal
wind has a westerly shear layer near 15 mbar accord-

ing to the Singapore rawinsonde record (Figure 2a).
Strong meridional gradients of N20 develop about the

equator near 20" N or S latitude, partly attributable
to meridional outflow away t'rom tl_e equator below the

westerly shear layer, as discussed by Trepte and Hitch-
man. Strong vertical gradient of N_.O mixing ratio oc-

curs just above 15 rnbar at the equator due to the QBO

mean meridiona[ circulation's downwelling in the west-
erly shear zone.

The marked asymmetry of N..O mixing ratio about
the equator at and above 15 mbar is, however, a ma-

jor difference between this pa:_ern and _he canonical
QBO-[aduced aerosol pattern discussed by Trepte and

Hitchman [1992]. Transport b.v :l_e QBO's mean merid-
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Plate 1. Latitude-height cross-sections of CLAES
N20, averaged over UARS days (a) t60-185 (Febru-
ary 18-March I4, 1992): (b) 520-5.50 (February 12-
March 14, 199:3); and (c) the difference (a) minus (b).
Contour interval is 15 ppbv in Plate.-. la-I," with the
darkest, blue representing 0-!.5 ppbv ill Plate I.a and
Plate lb. In Pla_e lc negative values are shown by
dashed contours, and the bold line denotes the zero iso-
pleth. In the tropics a soIid horizontal line indicates
27-km altitude, indicating the approximate top of the
Mount Pinatubo aerosol cloud in early !.992.

ional circulations alone would produce a pattern sym-
metric about the equator This difference could be due
to the different season examined here (late winter) com-

pared with Trepte and Hitchman's cases, which were
from early October and early November (see their Fig-

ure 3). In our case, the upwelling Brewer-Dobson circu-

lation has become stronger in t.he summer helnisphere
subtropics, tending to elevate the mi×ing ratio isopledas

near 10°-20°S. Grant et al. [1996] silnilarty show eclua-
torial asymmetry about the equator for constituent dis-

tributions below 30 km during winter and summer due

to seasonally varying upweIting. A second difference is
the presence of a strong flux of Rossby-wave activity

toward the tropics from the wint.er ext.ratropics. The
propagation and breakdown of these waves, approach-

ing the equator at a particular altitude, depends on the
phase of the QBO at that altitude as discussed in sec-
tion 3.4. A third factor to consider is that the altitude

range studied by Trepte and Hitchnm,_ was lower than
our region of interest, since aerosol concentration is very
low above about 30 km.

A year later, in January-March 1993, the QBO has

evolved to a nearly opposite phase, with a rapidly de-

scending easterly shear layer near 10 mbar and weaker
westerly shear mainly below 50 ,'nbar (Figure 2a). The

zonal mean N,.O mixing ratio pattern (Plate lb) is very
different from a year earlier (Plate la) at low latitudes,

having weaker meridional gradients flanking a central,
nearly equatorial peak. The easterly shear layer and up-

welling at the equator are centered near l0 mbar, where
the rrtixing ratio isop[eths show a more pror_ounced Ul)-
ward displacernent t[:tan is seen a.t altitudes al)ove or

below. The asymmetry of the mixing ratio pattern
about the equator, above 50 mbar, is mainly due to

a stronger meridional gradient in the winter subtrop-
ics. This represents the equatorward edge of the winter
midlatitude surf zone as it encroaches on the tropics

[Grant et aL, 1996]. The strongest meridional gradient
in the winter subtropics slopes upward and equator-
ward from --,2O°N at 30-40 mbar to .-,10°N at 10 mbar.

Above 1.0 mbar the strongest gradient again occurs at
_20°N. This is consistent with HRDI wind observations

for March 1993 [Ortland et al., 1996] showing equatorial
easterlies reaching to near 20°N above l0 mbar. while
westerlies occur below, approximately the reverse of the

zonal wind configuration a year earlier. Isobaric synop-

tic maps of constituent mixing ratios are presented in
section a.4 to help distinguish the transport effects of
mean motions from those of eddy mixing.

Comparing the two winters' N._,O distributions in-
dicates that. greater large-scale t.ropica.l upwelling oc-
curred in February-Marcia 1992 than in February-March
1.993. This is indicated in the 1992 minus 1.99:3 mix-

ing ratio difference (Plate Ic) by a positive anomaly
in the surrnrter hemisphere's low latitudes above 50
mbar. Similarly, the mixing ratio difference in the

winter extratropical upper stratosphere suggest_ that

greater downwelling occurred in 1992, creating the neg-
ative difference in the winter extratropics between 30
and 40 km. In the extratropics below l0 mbar, however,

it appears that enhanced meridional mixing by Rossby

waves during February-March 1992 was the dominant
effect, Such differences in long-lived constituent distri-
butions are consistent with the dynamical differences

between the two winters. During the 1991-1.992 (east-
erly QBO phase) winter, the more disturbed extratrop-

ical circulation would result in a strengthened Brewer-
Dobson circulation and greater Rossby-wave mixing

compared with the less disturbed 1992-1.993 (westerly

QBO phase) winter.

3.3. MLS Water Vapor Distributions

In this section we look at water vapor, all inde-

pendently observed long-lived constituent obse,'ved by
MLS, for comparison with N_O. Plates 2a,b present

zonal mean MLS H20 mixing ratio cross sections for
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Plat.e_ 2a.-2c, with tl_e darkest bhw rel)rosent.ing :I.155-:;._

ppmv in Plate 2a and Plate,:217.

The FI..,O mixing ratio from Ig9:l sintilarly compares
well with [.he N.,O mixing ratio. The main difference be-
tween the two constituent distributions is that the Fl_O

mixing ratio gradients are more uniformly distributecl
over the domain, although the rneridional gradient at
the st,btropical jet is still clearly evident fi'om ,-,20°N
near 22 mbar to 30°N near "2.2 mbar (Plate 2b). The

[992 minus 1993 difference (Plate 2c) bears a strong

similarity to that of the N_O rnixing ratio (Plate It).
apart from a sign change. The agreement between N.,O

and H'20 is remarkable, considering the instrument anti
species lifetime differences, aim increases our confidence
in the accuracy of the observations.

.ks with Nee, the main features in the winter el[flor-

ence plot can be attributecl to transport processes. The

tropical mixing zone above 10 mbar in February-March
1.992 results in a positive maximurn in the H20 mix-

ing ratio difference near 0°-20°N. Large-scale tropical

Ul.)weiling, cross-equatorial transport a.ll([ winter ext.rat-
ropica.l downweliing above 10 mbar are stronger during
the first, winter than the second, causing the large t'egiot)

of negative H2_O differertces in the tropics and surrtmer

low latitudes, with positive difference above !.0-15 mbar
in the winter extratropirs north or about 40°N. Below
[0- l O tnbar, for example, at. 22 tuber, in the extratroI)ics

the negative H,,O difference reflects stronger surf zone
meridiona[ t,ransport in the first winter. Thus compar-

ing the February-March period between these winters
suggests that. meridional mixing dominates the zonal
.nean H_O mixing ratio terMency I)elow 1.0-15 mbar
while Brewer-Dobson aclvection dominates above. The

longer lifetime of [-1,2.Oin the rnicldle and upper strato-

sphere allows the [992 minus t993 H,_,O rrtixing ratio
difference to be seen better in the upper stratosphere
than was the case with N_O. Otherwise. despite mi-

nor difference.,,, the FI_O mixing ratio winter difference

(Plal.e 2c) resetnbh:,,, the N._O difference with sign re-
versed.

_--:

W

L_

7-_4

the rnid-Fel)ruary t,o nlid-y, iIarch yaw periods oF l.t).q2

and 1.993, respectively.

There is a st.rong similarity between t.hc lice and
N20 nlixing ratio l)atterns, allowiug for their al)l)rox-
inlately inverted source/sink distributio, wi_h heigl,

a,nd t,he poorer vertical rcsolutiou or .MLS l'clatwe to

CLAES. Plate 2a show_ the stronger tropical ,pwelling

with strong meridional gradioul.s near ---25°N and 20°S,
the [.topical mixing zone abort 10 mbar. clownwolling
in tile wint.er extra.tropics and o,p¢_cia.lly will,in t.ho i)o-
lar vort.ex, and the winter midlat.it,de sur[" z()[IOl Th*'
lower vertical resolltl.io!l of 3.ILS oleo,-, not permit I.ho

sharl) vertical gradient near I0 mbar and [.P-20°N to
be resolved as ,,','ell a:- by CL.\E,q. hov,'over. Methatw
oxidation increases tl..,O mixing ratios with height in

tile upper stratosphere, so that [I1'2(3 _.h()_VSst.t'oug gra-
clients in this re'glen, whereas tlw N.zO has been nlostly

clestroyecl ancl therefore appears twarly colas[ant. Thus

the t-leO mixing ratio (Plates 2a anti 2b) highlights the

meridional gradient, t'iear :_ mbar aud :/5°N " ttmch more
clearly than the N.,O mixing ratio (Plates la and lb).

3.4. Rossby Wave-Induced Mixing

The stril,:ir_g winter-to-winter variability seen in the
zonal meal| constituet_t dist.ril)utiot_ at. low northern

Iatiitucles, mirrored in the stroug, equator[ally asytrt-
metric till%fence anonlaly (Plate [c and 2c), suggests

that QBO-dependent. Rossby-wave t.ran,,.port is active in

shaping the distributions. 2'o illustrate the importance
of Rossby-wave mixing for trace constituent differences
between easterly and westerly QBO phase, and their de-

pendence on alt.itucle, we present a few maps of CLAES
Nee i,1 tile time periods of interest. Plates :la and 3b
show t!xe distribution of N._,O in early 1992 (UARS days

t65-168; February 2:3-26) at 4.6 ancl [4.]" tuber, respec-

tively, while Plates ,4a and 417 show the corresponding
distril)ution at tilese altitudes in early 1.9.q3 (UARS clays

528-530: February 20-2:1). Tile clays selected from each

winter are representative of [.heir yaw periods, anti t.he
features we discuss are also evident on other days or

each yaw period. One feature imrnediately apparent
is [.he larger NaO content.rat, ion throughout the tropics
in the first winter at [4.7 tuber. This rnay indicate en-

W
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hanced Brewer-Dobson upwelling, as noted above, since

the pattern of increased N._,O in Plate :;b i.- almost zon-
ally symmetric and unperturl)ed by Re,shy waves. Not,
that the same color scheme is used in Plates 3a and

4a (4.6 mbar) but that the scheme is aitered bet.wean
Plates :3b and 41) (14.7 mbar) due to the (liffereui I.rop-

ical N_.O concentrations seen at lhat level in each win-
ter. Several other features in these u_.aps comparing lhe

two years cannot be e×ptained solely in I,erm.-, of mean

meridional transport, however. The data suggest t.ha_
Rossby-wave propagation and breaking, as modulated

locally by the QBO, plays a significant role in sha.l_ing
the distribution of long-lived conslituent.s in the trop-
ics and subtropics (where our color scheme displays the

greatest contrast). In particular, the i lt.onsiry and lo-
cation of maxirrmn] horizontal N20 gradient, and t.he
latitude of maximum N20 concenI ration, difDr signifi-

cantly between the two winters in a manner consistenl
with the action of" lateraity prol)agal.ing Rossl)y waves

and a local modulation of their t),'Ol)agation and I)reak-

ing by the QBO winds.

During .lanuary-March 1992, Rossby waves are seen
to transport N,,O-deplel.ed air quasi-horizontally closer
to the equator above about [0 mbar. creating a tropi-

cal mi×ing zone between the equa.tor an(l 2O°N. Isobaric
maps of N_O above 10 mbar show that N20 is trans-

ported to about 1.0°N on day 165 (Plate 3a) and to
about 5°N by (lay 1.80 [see Dunkerto, and O'Sullivan.

1996, Figure 4). Below l0 ml)ar, sucl" maps show quasi-
st.ationars' Rossby-wave ra(liat.ion to be nearly cora-
l)lately blocked ar about 20°N throughout February and

),.larch (Platte 313). This is presumal)ly due t.o the QBO
zonal wind, which is westerly above I0-15 mbar and

easterly below (Figure 2a). Winds observed 133'HRDI

during March 1992 also show strong tropical easterlies
below about 1.0 mbar reaching to about 20°N, while

above l0 ml)ar (to at least 2 mbar) Ihet'e are weak east-
erly or westerly zonal mean wind.-, between the equator
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Plate 4. Horizontal map ofCLAES N-,O mi×ingratio(ppbv) and UKMO zonal wind (ms -t)

averaged over UARS day 528-5.'10 (February 20-2:7;. t993) at. (a) 4.f5 mbar. and (b) 14.7 mbar.
Note the altered color some bet.w_en Pla.te :Ib and Pla.t_' 4b.

and the extratropical westerly jet ( Figure 3a and Of

tland et al. [1996, Figure 12a]). One effect of Rossby-

wave mixing at low latitudes above t0 mbar is the dissi-
pation of the QBO mean meridional circulat.iol>induced
peak uear 20°N. The equatorward transporl: and mix-

ing above l0 mbar during February and March was dis-

cussed by Dunkerton and O'Sulhcan [1996].

Examination of isobaric maps of N_.O mixing ratio
during late February 1993 indicates that Rossby waves
penetrate closer to the equ_.tor below l0 mbar, to about.
10°N at least, with some evidence of propagation across
to the summer hemisphere (e.g.. Plate 4b shows the lS-

rnbar level) while their transport signature is largely

confined poleward of _15°-20°N above 10 mbar (Plate

4a). Such behavior is consistent with linear Rossby-

wave theory, which permits the equatorward radiating

Rossby waves to propagate until they reach their critical

latitude (77 = c _ 0 in this case). During February and

March 1993. QBO easterlies should block equatorward

radiating Rossby waves near --.20°N above 10 mbar,
(e.g.. Figure .%). Below 10 mbar at this time, however,

zonal winds at low latitudes remain weakly westerly in

tl_e lower stratosphere according to UKMO wind analy-

ses (not shown) or HRDI observations (Figure 3b). This

allows the possibility of Rossby-wave radiation fi'om ex-

tratropical westerlies to reach the equal.or and summer

hemisphere [Chen, 1996: O'Sullivan, 1997].

The propagation of Rossby waves and their irre-
versible effect on the distribution of a long-lived tracer
evidently depend on the local wind distribution as mod-
ulated by the QBO. A "westerly over easterly" zonM
wind pattern (as occurred in the first UARS winter) al-
lows the possibility of wave propagation into the equa-

torial zone in the upper, but not lower, levels, while an
"'easterly over westerly" pattern (as developed in the

second winter) prevents equatorial penetration at up-
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MeridionM profile of zonal mear_ wind at (a)Figure 3.
4.8 mbar, and (b) 14.7 mbar, averaged over the two yaw
periods. Winds are from U_MO analyses poleward of
30 ° and HRDI equatorward of 16_, with a linear transi-
tion between. The corresponding 1992 Singapore zonal
wind observation in Figure 3a [s shown by the diamond.

per levels while allowing a modest amount of isentropic
mitring at lower levels of the tropics. The strength and
location of the subtropical tracer "barrier" therefore de-

pends on the ability of Rossby waves to penetrate the

tropics,irrespectiveof any remote effectof the QBO on

extratropicalwave_. Not surprisingly,at any given al-

titudethis barrier(e.g.,in the region--10°-25_N) was

more diffusewhen tropicalwinds were westerly com-

pared with when they were e_terly. Thus, at 4.6 mbar
a sharper subtropical gradient [s visible in Plate 3b than

in Plate 4b, while at 14.7 mbar the subtropical gradi-
ent is sharper in Plate 3b than in Plate 4b. Dunker'ton

and O'Sullivan [1996] showed, however, that in the first

UARS latewinter,the subtropicaltracergradientcoin-

cided with the axis of a climatological subtropical jet.

The jet axis and tracer gradient tilted poleward with
height in the upper stratosphere. There was a second

tracer gradient at _l_e equator, a_sociated with QBO
westerlies tl_at formed around thi,, r.ime. Th_,e t'_ar.ures
are visible in Plate an.

In general, _he apparent subtropical "transport bar-

rier" can be viewed _.s _he lateralterminus of a mixing
zone. However, there may be more titan one reason for
such a terminal latitude to appear in the tracer data.

On the one hand. Rossby-wave mixing tends to be sup-

pressed in a westerly jet core for reasons discussed by
Dunkerton and O'Sullivan [1996]. Ou the other hand. a

crir-ical latitude (i.e., critical level where intrinsic phase
speed goes to zero) ac_sa_ a barrier to mixing because
propagation, hence breaking, is precluded beyond this
point,or more precisely, beyond the edge of the criti-

cal layer. In the firstcase, mixing does no_ occur be-

cause a critical latitude cannot exist at the jet core for

waves able to propagate on the jet, so that mixing is
discouraged at the center of the jet. In the second case.

mixing does not. occur because further wave propaga-
tion is precluded by the presence of a critical latitude.

The common thread is that significant mixing occurs

only in a region of breaking waves, i.e., a critical layer.
For quasi-stationary waves which dominate the winter

middle atmosphere, the breaking region or "surf zone"
occurs poleward of the zero-wind line in a region of rel-
atively weak winds, and is bounded to the north and

south eitb, er by a westerly jet(s) (equatorial. subtrop-
ical, and/or polar) or a region of strong easterlies in

which such waves cannot propagate at all.
TEe tracerdistributionin the tropica[and subtrop-

icalupper stratosphere in _he firstUARS late winter

may be explained in terms of the first mechanism, due

to the subtropical westerly jet and formation of QEO
westerlies over the equator. At lower levels in the first

winter and at upper levels in the second winter, the sec-
ond mechanism seems more relevant on account of QBO

easter[lee at _he respective altitudes. Latitudinal pro-
files of mean zonal wind for the two yaw periods in 1P.¢)2

and 1993 are shown in Figure 3 as obtained from HRD[
and UKMO data, together with the point measurement

at Singapore. At the upper level in 1992 (Figure 3a), a

new westerly jet is beginning to develop near the equa-
tor, but the actual maximum value isjust shy of zero.

unlike the situation at Singapore where typical QBO
westerlies have already been attained. There is evi-

dently some zonal variation in the onset of QBO wester-
lies, such _hat westerlies first appear near the maritime

continent, in the region south-southwest of the Aleutian

anticyclone, into which positive potential vorticity {PV)
is adverted by the prevailing anticyclonic flow. Wester-
lies are associated with the southern flank of an extru-

sion of high-PV air and are therefore expected to form

in this region as a resultof planetary wave breaking. At
the upper level in 1993, zonal winds are easterly" south
of about 15_N, and the subtropical jet is weaker than

in 1992. (These results agree with Figure 2b. However.

the polar nigh; jet in Figure 2b (January- March aver-
age) is weaker in I992, as expected of the Hohon-Tan
oscillation, whereas in Figure 3a the jet speed, averaged

over the yaw period (mid-February to mid-March), is

stronger in 1992. Compared with Figure L. the polar
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Figure 4. Schematic of the meridional profile of zonal
mean wind in the upper stratosphere during late winter.
when the quasi-biennial oscillation's pha*se in t|le lower
stratosphereiswesterly (letter A) or easterly (letter B).
(Note that the QBO reverses phase between the lower
and upper stratosphere.)The solid horizontalHnes in-
dicate the extent of distinct meridional mixing zones
which may form during [ate winter (see tex_ for details).

night jet reappeared during the yaw period in late win-

ter 1992, but in 1993, winds were actually at a local
minimum during this time. Thus the apparent QBO

anomaly in high latitudea in Fibre 3a is simply due to
the timing of planetary wave events and does not indi-

cate the true extratropical QBO shown in Figure 2b.)
At the lower level in 199"2 (Figure '3b), the QBO was

westerly in 1993, while in 1992 the QBO was easterly.
and a new westerly jet was beginning to emerge.

The ability of Rossby waves to penetrate the tropics

differs significantly between the two periods shown in
Figure 3, a_ both levels. At _he upper level in 1992, sta-

tionary waves can radiate across _l_e equator a_ certain
longitudes (e.g., near Singapore), and slowly westward

propagating waves can reach the equator at all longi-
tude_. In 1993, all such waves are excluded from the

tropics. (The Singapore zonal wind at 3-5 km in 1093
is-18 m s-t in good agreement with HRD[,-15 m s-L

and thereisno evidence of significantzonM asymmetry
at this time.) .kr. the lower level the difference in wave

propagation is more dramatic, but wave amplitudes at
this altitude should be smaller, on average, due to the

density effect.
Figure 4 summarizes schematically the contrasting

situations observed at upper levels in early 1992 and
1993, which may be taken to represent opposing phases

of the tropical QBO in the upper stratosphere in late
winter. QBO easterlies at lower levels are accompanied

by the formation of QBO westerlies at upper levels. In

thiscase, indicated by letter B, the extratropical QBO

signal is such that midlatkude planetary wave activity
is enhanced, the polar night jet is weakened, a more

pronounced subtropical jet forms, and Rossby waves

are able to penetrate _he tropics at upper levels. Th_

midladtude surf zone is divided in half by tl_e _ubtrop-
] ical jet. and mixing +xtends :o t.he equator, the "trop-

j ical mixing zone" of Ounkerton _,_d O'Suilicem C1991_]

J in the opposite pha_e of :he QBO, indicated by let-
ter A. planetary wave activity is diminished somewha_

by QBO westerlies a= lower levels, etc.. and propaga-

• tion of quasi-s_ationary waves into the tropics at upper
levels h entirely prevented by QBO easterlies. In the
latter time and place, surf-zone mixing ends close to the

zero-wind line. In realky, it is possible that westward

moving disturbances are excited in _he breaking zone of
quasi-stationary waves [Poivani et eL, 19.g8: O'Sullivan

' and Chen, 19961, which may lead to minor mixing equa-
torward of the zero-wind line, or wherever such waves

encounter their critical latitude. The main mixing zones
in the upper stratosphere for each winter are indicated

in Figure 4 by bold lines. Also included is a mixing zon_
at low latitudes in the summer hemisphere which can

form when the equal.oriel wind is westerly [O'$ullit'an,

4. Conclusions

We have compared the distribution of long-lived strato-
spheric constituents in the first two northern winters

(1991-1992 and 1992-1993) observed by the UARS sat,e[-
[ite. in the tropics, the_e winters were characterized

by opposite QBO phases: A deep layer of easter[ies
dominated the lower stratosphere with westerlies above

about 10 mbar during the first winter, and zonal winds

were westerly _hroughout the lower stratosphere during
_he second winter wit[_ easterlies above abou_ lO tuber.

The behavior of _he extratropical circulation during
these two northern winters was consistent with tl_e ex-

tratropical QBO [Holloa and Tan, 1980. 1982] whereby
the polar vortex is more disturbed and weaker during
winters with easterly QBO ra_her _han westerly QBO
phase at 40 mbar. This is seen in the January-March

average zonal mean wind (Figure 2b) and in [0-rebec
geopotential height, it is reasonable, then, to expect

that the distribution of long-lived constituents during
these two northern winters should also be representa-

tive of their QBO composites, if enough years of data
were available to obtain such composites.

The main objective of this paper has been to compare

the late winter distribution of long-lived constituents.

CLAES N_.O and MLS HsO, between two nortl_ern win-
ters with opposite QBO pha_e in order to reveal how

the QBO may be influencing their distribution glob-

ally. From the comparison of winters it is concluded
that long-lived constituents are affected by the QBO

throughout the tropics and winter hemisphere. The
winter-to-winter difference of these two independentt.v

observed constituents shows a similar mixing ratio pat-
tern, as would be expected ifthe difference were due to

differing transport between winters.

Comparison of the two winters (Pta_es [ and 2) shows
that transport by mean meridional circulations is af-

fecced by the QBO both locally and g[obally. The lo-
cal redistribution by the QBO's mean meridiona[ cir-
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Figure 4. Schematic of the merid[onM profile ofzonal

mean wind [n the upper stratosphereduring [atewinter.

when the quasi-bienniM osc[[lat[ou'sphase in _he lower
stratosphereiswesterly (letterA) or eastedy (letterB).
(Note that the QBO reversesphase between the lower

and upper s_ratosphere.) The solid horizotltal lines in-
dicate the extent of distinct meridional mixing zones
which may form during late winter {see text for details).

night jet reappeared during the yaw period in late win-
tee 1992, but in 1993. winds were az:ually at a local

minimum during this time. Thus the apparent QBO
anomaly in high latitudes in Figure 3a is simply due to
the timing of planetary wave events and does not indi-

cate the true extratropical QBO shown in Figure 2b.)

At the lower level in 1992 (Figure 3b), the QBO was
westerly in t993, while in 1992 the QBO was easterly.
and a new westerly jet was beginning to emerge.

The ability of Kossby waves to penetrate tl_e tropics
differs significantly between the two periods shown in
Figure 3, at both levels. At the upper level in 199"2,sta-

tionary waves can radiate across the equator at certain

longitudes (e.g., near Singapore), and slowly westward

propagating waves can reach the equator at all longi-
tudes. In 199.3, all such waves are excluded from the

tropics. (The Singapore zonal wind at 35 km in 1993

is -18 m s-_ [ngood agreement with HRDI, -15 m s-t,

and there isno evidence ofsignificantzonal asymmetry

at this time.) A_ _he lower level the difference in wave

propagation is more dramatic, but wave amplitudes at
this altitude should be smaller, on average, due to the

density effect.

Figure 4 summarizes schematically the contrasting
situations observed at upper Levels in early 1992 and

1993, which may be taken to represent opposing phases

of the tropical QBO in the upper stratosphere in late
winter. QBO e_terlies at lower levels are accompanied

by the formation of QBO westerlies at upper levels. In
this case, indicated by letter B, the extratropical QBO

signal [ssuch that midlatitude planetary wave activity
is enhanced, the polar night je_ is weakened, a more

pronounced subtropical je_ forms, and Rossby waves

are able r.o penetrate dxe tropics at upper teve!s. Th_

midla_itude surf zone is divided in hail by tile subtrop-

ical jet. and mixing -,xrends r.o ¢.he equator, clxe "'trop-

ical mixing zone" of Ot,nkerton a,+d O'$ullirrm [[.q.95j.
In the opposite phase of the QBO, indicated by let-

ter A, planetary wave activity is diminished somewha_

by QBO westerfies a= lower levels, etc.. and propaga-

tion of quasi-stationary waves into _he tropics at upper
levels is entirely prevented by QBO eas_erlies. In the

Latter time and place, surf-_one mixing ends close to the
zero-wind line. in reality, it is possible that westward

moving disturbances are excited in the breaking zone of
quasi-stationary waves [Polvani et at., 1995: O'Sullivan
and Chen, 1996],which may lead to minor mixing equa-
torward of the zero-wind line, or wherever such waves

encounter their critical latitude. The main mixing zones
in the upper stratosphere for each winter are indicated

in Figure 4 by bold lines. Also included is a mixing zone
at low Latitudes in the summer hemisphere which can

form when the equatorial wind is westerly [O'5'ulliuan,
199T 1.

4. Conclusions

We have compared the distribution oflong-lived strato-
spheric constituents in the firs_ two northern winters

(1991-1992 and 1992-1993) observed by the U'ARS satel-
Lite. In the tropics, these winters were characterized

by opposite QBO phases: A deep Layer of e_terlies
dominated the lower stratosphere with westerlies above

about 10 mbar during the first winter, and zonal winds

were westerly throughout the lower stratosphere during
_he second winter with eas_erlies above abou_ I0 mbar.

The behavior of _he extratropical circulation during
these two northern winters was consistent with the ex-

tratropica[ QBO [Hotton and Tan. !.980, 1982] whereby

the polar vortex is more disturbed and weaker during
winters with easterly QBO ra_her than westerly QB©
phase at 40 mbar. This is seen in the January-March

average zonal mean wind (Fig-ure 2b) and in 10-mbar
geopotential height. It is reasonable, then, to expect

that the distribution of [ong-lived constituents during
_hese two northern winters should also be representa-

tive of their QBO composites, if enough years of data

were available to obtain such composites.
The main objective of this paper has been _o compare

the late winter distribution of tong-tired constituents.
CLAES N20 and MLS H20, between two northern win-

ters with opposite QBO phase in order to reveal how

the QBO may be influencing their distribution glob-
ally. From the comparison of winters it isconcluded

that long-rived constituents are affected by the QBO

throughout the tropics and win_er hemisphere. The
winter-to-winter difference of these two independently

observed constituents shows a similar mixing ratio pat-

tern, as woutd be expected if _he difference were due to
differing transport between winters.

Comparison of the two win_ers (Plates t and 2)shows
that _ranspor: by mean meridional circulations is af-

fected by the QBO both locally and globally The lo-
caI redistribution by _he QBO's mean meridiona[ cir-
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cuiation has been previously s_udied and is evident re-

gardless of _e_on be_:auseit isd_e domhla,,t sourc_ of

transpor_ variabilityin _lle_rol)ic._.During riletint

win_er,having a deep e_terly QBO pha._ebelow about

l0 tuber,bo_h N..O and H-.O (zonally_veraged)draw a

regionofweak mixing ratiogradientwithinabout 20_ of

the equator, at.altit.udesup to about 10 tuber,flanked

by strong meridional gradients The seco,ldwinter,in

contrmst,had we_t.erlyQBO ph_e below [0 mbar and

shows a narrower, peaked zonal mean mi.'dngrat.iodis-

tribu_ioncent.erednear the equator wit.hmuch weaker

meridiona[ mixing ratiogradientsalong itsflanks.

, The QBO also modulat.es the large-scale Brewer-

Dobson circular.ionand itsassociatedtransportvia the

exl;ratropicalQBO, since the strength of _he Brewer-

Dobson circulationiscloselycoupled to the intensity

of extratropicalRossby waves. The differingsr.re,_gdls
of Brewer-Dobson circulationbetween winters can be

seen in Plates 1 and 2. The circulation is stronger [n
the more active first winter than in the second. The

ascending branch, occurring mainly in the summer sub-

tropics (see Figure 17 of Dunke,'to,, [1989]). is stronger
in the first winter and elevates, mixing ratio isopleths

to higher altit.udes than the following winter. This is
best seen above 10 mbar where the circulation and its

winter-to-winterdifferenceare strongest.Varlet.ionsin

the s_reng_h of the large-scale meridional circulation are

also seen in its descending branch at winter high lati-
tudes, particularly in the upper stratosphere. Plate 2
shows that mixing ratio isopleths at high latitudes in

the upper stratosphere are drawn to lower altitudes dur-

ing the more active first winter, hence the positive H_.O

mixing ratio difference above about I5 mbar in the mid-
dle and high latitudes (Plat.e 2c). These effects of the

Brewer-Dobson circular.ion strength are not so evident
in N_.O (Plate [) as t.hey are in H_.O because N..,O's

shorter chemical lifetime in the upper stratosphere re-
duces its interannual variability there, relative to that
seen in H_.O.

QBO modulation of extratropical Rossby-wave activ-
ity implies that an extratropical QBO signal aIso ex-
ists in isentropic Rossby-wave transport. The obser-

vations presented here appear to confirm this, showing

greater quasi-horizontal constituent mixing occurring at
latitudes poleward of ~30°N in the middle and lower

stratosphere below I0 mbar during tl_e first, more dy-
' namicatly active winter. Tb.is causes the positive (neg-

ative) difference anomaly in Plate tc (Plate 2c) in the
winter extratropics below about. 10 tabor. An alterna-

tive explanation for the distribution difference, in terms
of different mean vertical transport between winters,

seems unlikeiy, as it would create an extratropical differ-

ence having the same sign at all attitudes, given that. t.he
vertical gradients of the background constituent mixing

ratio do not change sign with height. The quasi-biennial
variab[lit.y of the Brewer-Dobson circulation may ex-
plain the constituent variation in the middle and high-

latitude upper s_ratosphere above [0 mbar. however. A:

an intermediate height, near l0 to 15 tabor, the mean
and eddy transpor_ effects apparently canoe[ for these
constituents.

21,7al

Rondel and _['a [1.99_] examined t.he vertical s_ructure

of r.l_e extra,topicalQBO in using SAL, EII ozone. Em-

ploying a seasonally varying - _-o_• ,% .... .-tonbetweelt g!obai
ozone and QBO wind. _hey extracted QBO anomalies

during January-March..-Lside from the expected _ropi-
cal ozone QBO anomalies. _he regressed anomalies were

large only in the wint.er hemisphere (see t.heir Figure
tO). The extratropical ozone anomalies are similar r.o
t.he long-lived constituent anomalies seen here in lat-

itudinal range but occur at different altit.udes. They
show two extratropical anomalies, near 10-20 mbar and

near 50 tabor, of the same sign. and extending from
about 20_N _o 60_N. the timit of dteir de_a. They at-
tribute _he lower ex_rat.ropica[ anomaly _o vertical dis-
placement, based on tl_e background ozone disr.ribu_ion.

while tt_e middle stratospheric aaomaly's origin is un-
known. The different structure of their exr.ra_ropical
ozone QBO from t.hat seen here in No.O and H;O is noc
surprising, given the very different, species lifetimes and

background mixing ratios. Ozone has a much weaker

meridional mixing ratio gradient in the stratosphere.

reducing the effect of isentropic mixing relative to that
of Y_O and H_.O.

Finally, the most prominent winter-to-winter differ-

ences in N_.O occur between the equator and ~:30°N
and are attributed to the effect of the QBO winds on

wave breaking equatorward of 30°N, as discussed in sec-

tion 3.4. The frequent sampling of the CLAES and MLS
instruments allow -synoptic" maps of N-.O and H_.O to

be made, clearly showing that Rossby-wave breaking
in the winter low latitudes is influenced by the QBO

phase. Plates 3 and 4 show that Kossby waves pene-
trate closer to the equator when the QBO winds are

westerly rather than easterly. Partty _ a consequence
of this, there is also a weaker constituent mixing ra-

tio gradient between the tropics and extratropics when
the QBO winds are westerly rather than east.erly. This
relationship is consistent with results from numerical

modeling of _racer transport under such circumstances
[O'Sullivan and Chen, 19961. Thus the distribution of
mixing ratio in the tropics appears to be affected by

the breaking of Rossby waves incident from the winter
hemisphere. In fact, there appears to be evidence of

such waves propagating across the equator at 15 mbar
during the westerly QBO phase of the second win_er.

As discussed by O'Sullivan [1997], such waves will not
break in the QBO westerlies but will instead break on

reaching a critical latitude in the summer subtropics.
The constit.uent maps, as well as the zonal mean winter-
to-winter differences, support _he conclusion that QBO

modulation of Rossby-wave transport plays an impor-

tant role, along with QBO modulated mean meridional
transport, in forming the seasonally synchronized, off-

equatorial QBO in long-lived constituents.
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Vertical velocity, vertical diffusion, and dilution by

midlatitude air in the tropical lower stratosphere

Philip W..'Vlote, 1.2Timothy J. Dunkerton, 1 Michael E..'v[clntyre, 3 Eric A.
P,.ay, 4 PeterH. Haynes, 3 and James M. Russell Ills

Abstract.

Air passing upward through the tropical tropopause is _marked" by an annually

_rying water vapor mi×ing ra_io much as a tape recorder marks a magnetic
tape; as _he air ascends in the tropical stratosphere: these marks are effaced

by a combination of vertical diffusion within the tropics and dilution of tropical

air by sideways (isentropic) mixing-in of midlatitude air. We represent these

processes using a one-dimensional advection-diffusion-dilution model, which we

inverse-solve for the vertical profiles of three unknowns (vertical advection velocity,

vertical diffusion coefficient, and dilution rate coefficient) after prescribing the

vertical profiles of time mean methane [CHd] and of amplitude and phase of the

annually varying tape recorder signal in 2[CHd]+[H20]. When tested on synthetic

data generated by forward solving the same model, the method for inverse solution

proved to be well conditioned and togive accurate resultsabove 18 km. Applying the

method to .5years of smoothed data from the Halogen Occultation Experiment, we

find a vertical advection velocity with a minimum of about 0.2 mms -I near 20 km,

and both dilution rate coefficient and vertical diffusion coefficient with remarkably

low minima near 22 kin, 1/(6-7 year) and roughly 0.02 m2s -l, respectively. Our

derived profile of vertical advection velocity agrees well, between 18 and 24 kin,
with an independent, radiative[y derived, mass-budget-constrained transformed

Eulerian mean calculation. Despite the relatively modest values of the diffusion

coefficient, vertical di_usion plays a significant role in attenuating the tape recorder
signal, according to our model. The minimum value of the dilution rate coefficient

corresponds to a relaxation timescaIe of 6-T years, much longer than the timescaies

found in other studies. The long relaxation dmescale at 20-24 km is, however,

consistent with (I) the minimum in verticalvelocity,(2) a reduced attenuation rate

in the tape recorder signal,and (3) a decrease, hitl_ertounremarked, in the tropical
vertical gradient of [CH4] there.
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I. Introduction

Profiles of water vapor in the tropical lower strato-

sphere have a vertical structure and time dependence
that are determined, to a _rs_ approximation, by _he

INorthwest Research Associates, Bellevue, Washington.
2A_o ae Climate [mpac=s Group, .]'oinc [ns=itute for the

Study of Atmospheres and Oceans, Umversi=y of W_hing-
i:on, Seattle.

_Centre for A=mospheric Science at =he Depart:men= of
Applied Ma=hema_ics and Theore=icaI Physics, Univer_;_y
of Cambridge, England.

_NOAA Climate Modeling and Diagnostics Laboratory,
Boulder, Colorado

_Depar_men_ of" Physics, Hampton Universic:,; Hampton,
Virg-irua

Copydgh_ 1998 by _c American Geophyslc.,I Union.

Paper number 9_JD00203.

0 |4_-9227/98/g $1D-00203 _09.00

ascent of _he seasonally varying tropopause-leve[ wa_er
vapor mixing ratio [Mote et al., 1995, 1996; Weinstock

et el., 1995]. The tropical stratosphere thus resembles a
_tape recorder" in that _he water vapor content of ris-

ing air is "marked" by _he seasonally varying saturation

mixing ratio tha_ it encountered a_ the tropical tropo-
pause. These marks are slowly effaced as the air rises

but are still discernible at i0 hPa, about 18 months

af_:er _he air passed _hrough the tropopause. _V[ote et

al. [1996] (hereinafter M96) used data primarily from

the Upper A_mosphere Research Satellite (UARS) to
deduce several relevan_ aspects of the circulation and

thermodynamics of the tropical lower stratosphere: the

mean ascent rate between 100 and 10 hPa, some ef-

fects of _he quasi-'o[ennia[ oscillation (QBO), some char-

ac_erist[cs of tropical troposphere-_o=stratosphere mass
transfer, and, for the 100 _o 46 hPa and 46 to 10 hPa

layers,upper bounds on the order of magnitude of ver-

ticaldiffusion and on that of dilution of _ropical air by
sideways (isentropic) mixing-in of midla'.itude air.

8d51
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In this article we refine the work of M96 in three

ways. First, we calculate extended empirical orthog-
onal functions (EEOFs) of the tape recorder signal in

2[CH4]+[H20]; the first two EEOFs are a conjugate pair
describing a vertically propagating annual cycle. These
two EEOFs and their associated time series are suffi-
cient to reconstruct a smooth time-altitude plot of the

tape recorder signal that is a good likeness of the time-

altitude plot made directly from HALOE data (Plate 1).
Second, by finding the slopes of features (extrema and

zero crossings) on the smooth time-Mtitude plot (Plate
lb), we derive a vertical profile of the ascent rate w_r
of marks on the tape. Third, we obtain improved es-
timates of vertical diffusion and sideways dilution by

fitting the profile of W_r and other information in a one-

dimensional (l-D) advection-diffusion-dilution model of
the tropics. More precisely, the model fitting uses not
only Wtr but also the amplitude of the tape recorder

signal together with the vertical profile of time mean

[CH4]. We thus obtain consistent vertical profiles of
the vertical advection velocity w (not necessarily the

same as w_r), the vertical diffusion coefficient K, and
the rate or relaxation coefficient a for dilution by mid-

latitude air. The results indicate that in the altitude

range from about 18 to 24 km, Wtr is close to the vertical
advection velocity w, implying that for those altitudes

the tape recorder signal can be taken at face value as

a good indicator of mean vertical motion. The extrac-
tion of all three vertical profiles w(z), K(z), and c_(z)

is a well-conditioned, hence credible, calculation only

because water vapor, with its high information content

concerning the annual cycle, is used simultaneously with

a long-lived trace gas, in our case [CH4].
Several other efforts have recently been made to char-

acterize the exchange of air between tropics and mid-
dle latitudes. Some focused on mixing out from the

tropics to middle latitudes by advecting passive tracers
using observed winds [Chen et al., 1994; Waugh 1996],
while others considered 1-D budgets of observed long-

lived trace gases, thus focusing on dilution of tropical
air by mixing in from middle latitudes [AvaUone and

Prather, 1996; Minschwaner et al., 1996; Polk et al.,

1996]. Remsberg and Bhatt [1996] used the zonal vari-
ance of nitric acid to infer the (qualitative) altitude de-

pendence of dilution. In a different approach, Schoe-

berl et al. [1997] related dilution to the phase lag be-
tween water vapor mixing ratios and QBO winds. Hall

and Waugh [1997b] independently derived average lower
stratospheric values for w, K, and 1/a using the tape

recorder signal in 2[CH4]+[H20] and a long-lived trace

gas with a secularly increasing trend (sulfur hexaflu-

oride). Our study differs from those just cited in that
it simultaneously derives vertical velocity, vertical diffu-

sion, and dilution rate coefficient as functions of altitude
between 100 and 10 hPa, leading to a clear picture of
the vertical structure of each of these three quantities.

2. Data

The constituent (CH4 and H20) data used in this

paper come from the Halogen Occultation Experiment
(HALOE) aboard UARS. M98 used version 17 data

(
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ending July 1995, here we use version 13 da_a be-

_ween September £992 and Augus_ £997. Time series

are formed from monthly means, each comprising all

tropical soundings for the month. We define the tro._.
ics as [4°S to I4°N, broad enough to include a greater
number of profiles while still within the well-mixed re-

gion bounded by the subtropical mixing zones. Follow-

ing Mg6, we use the quan_izy [:I=2[CI'I4]+[H20], which
has the advanzage of being nearly conserved and ho-

mogeneous in the e_ratropicat stratosphere, because

photochemical breakdown of l tool of [CH4] produces
appro.'dmately 2 tool of wa_r vapor.

The vertical resolution of the da_a is _he same as in

M96 and is finer than that usually used (e.g., Rande/et
"/. [1998]). HALOE level 2 data (where "level" refers

to the level of processing) are available on a 0.3-km grid
and are here interpolated to pressure levels 100.0, 82.5,
68.i,... hPa with a fractional spacing of 10_/_-"in pres-

sure. These pressure levels were converted to geopo-

tential height using data from the U.K. Meteorological

Office (UKMO) analyses [Swinbank and O'Neill, 1994],
which form part of the UARS database. The spacing
between HALOE pressure levels ranges from about 1.i
to 1.3 km.

3. Methods

3.1. Extended EOF Analysis

Plate la updates Plate lb of M96 with about 2 more

years of data. While the general sense of rising moist
and dry anomalies is apparent, we wish to isolate the

phenomenon of rising anomalies from other phenom-

ena; to do this it will prove useful to apply a statistical

technique known as extended EOF analysis [ Weare and
Naastrvrn, 1982, Wang etaL, 1995].

Empirical orthogona[ functions can identifycoheren_
variations in noisy data by finding eigenvectors of the

covariance matrix. In the case of tropical HALDE data,
measurement noise is exacerbated by the sparse sam-

piing that is characteristic of occuliation techniques;

EOF analysis can be performed using each month's pro-
file to yield a clearer picture of vertically coherent varia-

tions. If the covariaace matrix is formed by calculating

4- .............. ÷32 ..#:° .... $...... 4- 10.0
°'t_- ---_ ..... 4-

E 28 ,*-/'4--o.._.... 14.7
,_, _=
_" _/':_9_'" "÷ 21.5 =

24 $: "'* g
._-_ 31.6

< 20 ._ , 46.4 _.**. "_" 68.1

16 . 100.0

0.0 0.2 0.4 0.6 0.3 .0

mm/s

Figure 1. Profiles of time mean ascen_ ra_e w:= (plain
curve) of the tape recorder signal, and _he vertical ve-

locity ,.D"caIculated by RosenIof (curve wi_h asterisks),
with --'i¢ bars (diamonds for ,_.::, plus symbols for ,.2r.').
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Table I. Definitions of Various Vertical Velocities

Term Detim:ion

I//tr

t,'_e vertical velociryt
vertical veloc_w calculated by Rosealof
a_en_ ra_eof marks on _he tape
- _ + (A'/H)-/C,

tike '-_r but for sy'nthezic _ da_a

fused in I-D modal

covariance not ofa single profile az each time but of sev-

oral profiles at differen_ lag times (in this case between
-6 and +6 months), the resulting "extended EOF anal-

ysis" (EEOF analysis) yields a clearer picture of both
vertically and temporally coherent variations.

We perform EEOF analysis on the HALOE 12I data
shown in Plate la, yielding a 4-year time ser{es of coef-

ficients since 6 months have been lostat each end. The
first two EEOFs have a strong annual cycle and to-

gether they account for 68% of the variance. The next

two EEOFs vary interannually and explain I7% of the

variance. The coefficients of the first two EEOFs, when
plotted against each other, trace nearly perfect circles

with a period of one year, indicating that they are a
conjugate pair. The coefficients of the nex_ two EEOFs

trace somewhat less than two orbits in 4 years, similar

to the singular value decomposition results shown by
_.det et _. [19981for [CH,].

With the coefficients of the first two EEOFs, multi-
plied at each time by the zero-lag profile of _he EEOFs

(and the missing _ months at each end filled in by the
EEOFs at lag .-'i, -.2 .... ± 6), we construct an altitude-

time plot of I:I anomalies (Pla_e lb). When compared

with the altitude-time ploz of HALOE t:t data (Plate
In), the first two EEOFs produce almost a pure annual
cycle. In the resulting picture, ascending minima and

maxima of I:I, which are formed at the tropopause, re-

tain their identity from the tropopause to i0 hPa (about
31 km).

From the tape recorder signal (forexample, as rep-
resented smoothly in Plate lb), two quantities can be

deduced directly, both as functionsof altitude: w:-, the

ascent rate of marks on the tape, and A, the ampli-
tude of the signal. Both quantities depend on altitude.

In the next subsection we consider A. The quantity
w_ (Figure i) was obtained from the data in Prate

lb by following each ascending minimum, maximum,
and zero from level to level on successive time series

plots. Also shown in Figure i for later comparison is

a transformed Eulerian mean vertical velocity _" ob-

tained by K. Rosenlof (personal communication, !996),
updating that of Rosenlof[1995]. (In section 5.2 we d£s-

cuss whether we expect w,. and if.," to be equal. Table

1 summarizes the definitions of these quantities.)
Rosenlof has recalculated u]" making use of more

UARS data in the radiative calculation, and the agree-
ment between her new _" (the curve marked by as-

terisks in Figure 1) and our _.:_ is exce[Ieaq a_ Iea.s_
between 19 and 24 km The standard /e'.ia:ions are
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ca/culated for 12 monthly profiles of _', hence rei_ec:-

ing mainly seasonal variation, and are calculated for 20
separate features (extrema or zero-crossings of I:I) for

wtr, hence reflecting both uncertainty in our method of

calculating tv_r and possibly seasonal and interannual
variation.

3.2. Deflxtition of Amplitude

Underlying the model-fitting concept to be used here
is _he tentative assumption that the pattern seen in

Plate I is _typical" La the sense that, if previous or sub-

sequent years were visible, one would see a very similar

pattern, i.e., something like the periodic extension of
Plate 1 ha both time directions. To the extent that this

is justified, one can talk about _the annual cycle, _ and

by implication its amplitude and phase, with less ambi-

guity than is strictly the case with a record only 5 years
long. With this pohat in mind, we seek to define the

amplitude and, in section 3.3, the pha:sfe.
As was already mentioned, we use H as the basis for

estimating the amplitude A of the tape recorder sig-
nal. Variations in H are due almost solely to the tape

recorder signal, while [H,.O] is more strongly affected

by other kinds of variability such as the QBO or the
semiannual oscillation (SAO). Indeed, we find that the

variance of [H20] exceeds that of I:I above 25 kin. Other
sources of variability that migh_ affect our estimation of

A include the FL%LOE sampling pattern, instrumental
or retrieval errors, or incursion of the subtropical barrier
into the tropical region (14°S to 14°N). Such variability

can be reduced by the use of EEOFs, since the EEOF

technique identifies coherent variations.
Because of the variation in vertical velocity caused

by the QBO, the temporal variations in FI become

slightly distorted, with extrema shifted as much as 2
months away from a perfect £2-month period [M96].

Consequently, taking the mean annual cycle or apply-
ing Fourier analysis at each level independently (as was

done by Randel etal. [1998]) may underestimate the

tropopause-related variance above 20 krn or so. Sim-
ilarly, EEOF analysis links variations at different al-
titudes so that the stretching and compressing of the

tape recorder signal by the QBO [M96; Cordero et al.,

1997] would be smeared out a bit, possibly leading to
an underestimate of the variance associated with the

tape recorder signal. In contrast to the mean annual

cycle, however, the coefficients of the first two EEOFs

have a small degree of interannua[ variability, allowing

•for some QBO effects on the tape recorder signal We

therefore expect that an amplitude definition based on
EEOF analysis will be more successful than other defi-
nitions in distinguishing between variations originating

at the tropical tropopause and variations arising from
other sources.

With those considerationsin mind, we presentplots

(Figure2) of the logarithm of amplitude defined[nsev-

eral ways, all but one using H. Since only derivatives
of In A will be needed, the curves have been normalized

by their amplitude at I00 hPa in order to emphasize
the[r differences.Curve a shows the s_and_rd devia-

37.
_. /'_\ca # i 10.0

"_ 21.5 --

_ 24 31.6

68.1

16 .... I00.0

-2.5 -2.0 -t.5 -t.0 -0.5 0.0

Log (amplitude)

Figure 2. Amplitude of the tape recorder signal de-
fined various ways (curves a-e); see tex_ for details.

lion, at each level, of the time series of I:t (Plate lb,

the EEOF reconstruction). Curve b is the annual har-
monic from fast Fourier transform analysis o[ monthly

mean HALOE data (Plate in). Curve c is based not on

HALOE I:I data but on time series of tropical water va-

por measured by the Microwave Limb Sounder (MLS)
aboard UARS (see M96 for details). Curve d is obtained

by first removing a 12-month running mean from the
data in Plate In,then following individual maxima and

minima upward, and taking the difference between the

average maximum and the average minimum at each
level. Curve e is the standard deviation of the time se-
ries at each level in Plate la (o'(I:t)). Finally, the solid

curve with plus marks is the peak-to-peak amplitude of

the seasonal cycle, composed of the annual and semian-
nual harmonics of H, as derived by Randel etal. [1998]

for the latitude range 4°5 to 4°N on a subset of our
levels.

By most definitions, the amp[kude decreases mono-

tonically with altitude, but all show a region of near-
constant A (a "cliff") somewhere between :20 and 25 kin.
The total attenuation from 100 to 10 hPa is greatest for
curve a and least for curve e, with curves b-d clustered

near the mean of these two extremes. Our amplitude
curves differ from that of Randel etal. [1998], proba-

bly because the narrow latitude range they chose (4_S -

4°N) results ha far fewer good data points (especially at
100 hPa, where noise levels are high) and a less coherent

annual signal.
For calculating first and second derivatives, it will be

useful to have a smooth approximation In f for In A.
As was out[ined above, we expect the curve based on

EEOFs, curve a, to provide the best definition of am-

plitude, and we fit smooth curves fl to it and also to
curve d in order to bracket the reasonable range of defi-

nitions of f. The data suggest that vertical attenuation
rates are relatively fast at upper and lower levels of the

domain, and relatively slow in the middle (near 20-23

km). It is not clear, however, how steep the cliff in
the middle should be. One possibility is that the cliff

is spurious. Another possibility is that the cliff is reef
and reflects a sharp decrease of attenuation ra_e in the

middle layer, as might be expected in the lower par_ of
the QBO for dynamical tea.sons fsee Dun,_:er_on. t097_,.
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Figure 3. Profiles of variously smoothed versions of

curves a and d of Figure 2, the smoothing performed
as described in the text. Curve M is the same as the
dash-dotted version of curve a; see text for definition of
M'. Curves have been shifted [eft for clarity.

We smooth the amplitude curves by first linearly in-
terpolating them to high (approximately 70 m) vertical
resolution, then applying a 1-2-1 filter to the second

derivative 200,500, or I000 times, and finally inverting
(integrating twice) to yield a set of curves f (Figure
3) with a range of behavior near the "cliff." Smoothed
1000 times, the cliff almost disappears in both cases.

The curve labeled M is curve a smoothed 500 times,
while curve M" was obtained by constraining the a_-

tenuation rate to a constan_ above the cliff (for reasons
described in section 3.4). The various curve fits provide

a range of profiles spanning the uncertainty of the origi-
nal estimates of A, thereby generating a range of values
for w, e, and If.

3.3. One-Dimensional Model for Analysis

In order to derive vertical profiles of _ and If,

we assume that to within re_onable noise levels, the
smoothed and meridionally averaged tropical data can

be fitted to solutions of the simple one-dimensional
advection-diffusion-dilu tion model

X: -["tI;X:= _(P/'<X.:),- (2(.'(--X.'vIL)J",5' (].)

where X is a tracer mixing ratio,w Ls the vertical

velocity,A" is the verticaldiffusioncoe_cient, p =
Po exp(-z/H) is the mean density profile with H = 7

kin, a is the dilution rate, XMt Esthe midladtude value

of X, and S is a chemical source-sink term (of _he form

-YX for [CHd], 0 for gI). Partial derivatives with respect
to time t and height : are indicated by subscripts.

Implicit in this model are severn[ assumptions. (i)
Tropical air is horizontally homogeneous within well-

defined ladtude limits (here, 14°N to 14°S) and is dis-
tinct, though not completely isolated, from midladtude

air. (2) The same values of w, K, and a apply to both

[CH ]and (see .Vd t ,e [t99T],fora
discussion of_his assumption). (3) As is commonIydone
[e.g., M96; _'bl_: etaL, 1996], we assume diiudon b.v mid-

AND D[LUTION 8655

lackude air on a 9yen [evet _o be a linear relaxation

process En which tropical air :ends _.oward _he midlati-
rude mixing ratio YML wi_h relaxation _ate a and with

zero phase Lag. In fact, the seasonal cycle of water vapor
(hence _) in the lower stratosphere (below 20 kin) a_

middle latitudes is strongly influenced by the tropical

seasonal cycle, presumably by mi_ng out, with a phase

lag of a month or two [e.g., Mastenbrook and Oltmans,

1983; Rosenlof etal., 1997]. This means that especially

below 20 km the assumption of uniform emra_ropical t:I
fails, and dilution is a much more complex process than
is assumed here.

Wi_h _hese caveats in mind, we firs_ rewrite (1) as

x, + c_x..= k'x,, - _,(x - XML) + S (2)
where

= ,,,+ (K/H) - (3)

arises when we expand the diffusion term in (i). Note

that t_ does not have a physical meaning but is intro-
duced for mathematical convenience. Some of the ad-

vective effects of diffusion are represented in _; la_er we
compare the variants of w listed in Table I.

One usually solves differential equations like (2) for
the dependent variable, [n this case X, but we wan= to

find the three unknowns _, K, and _, through a process

that could be called "inverse solving." There are a few

possible methods for inverse solving (2) for the three

unknowns. After testing these methods on synthetic
data that were constructed (as is explained in the next

section) from known profiles of _, A', and _, we chose

one method that is both accurate and concise. (Another

method, involving %VI.CBJ or slow modui:ation theory, is
outlined in Appendix A and will prove useful in sections

3.4 and 3.5 0 Our method makes use of information

about [CH_] and I:I; specifically, we represent t2I anoma-

lies by the functional form X = Ref(:) exp[i(d(:) -_t)],
where f(z) and ¢(z) are real and are determined from

data and where the midlatitude value of I:I is assumed to

be spatially and temporally cons_aa_ at the mean value

of the tropical I:t. Applying (2) to time mean [CHq] and

to the functional form of I:I given above yields a set of
three equations in three unknowns:

([CH_I-[CH4],ML)--_'[CH4]=--/'C[CH_]::

+ (In + K - = 0 (4b)

= + ,E"(-2=(xnf), - ,-,,,) =

where m = d.-. At each vertical grid poEn_ we solve
(4a)-(4c) simultaneously for a, t_, and [t'. This method

is well-conditioned if the determinant is non singular,
but well-conditionedness is no guarantee that the three

quantities witl be positive everywhere or have smooth
profiles.

The input da_a needed are time mean profiles of

[CH_] in the tropics and in middle latitudes, and pro-

files of 7, f, and m. The [CH-] profiles are taken from.

the climatology of Raade! ee a!. !i993] using equiva-
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lent latitude limits of 30 °-54 ° in both hemispheres for

[CH4]._m; _hese limitswere chosen to match the "surf

zone" (se_ ".heir Figure 7),where midla_itude values of

trace constituents have only weak meridional gradients.
The chemical reaction rates 7 are taken from the 2 t/=.

dimensional model of Kinnerste_ [1995]. The previous

subsection described how we arrived at _hesmoo_h pro-
flies :.

We have not yet defined _, the vertical phase func-

tion from which m will be defined, it is possible, in

principle, to derive _ direcdy _rom the I-L4.LOE data
in Plate 1 a_ad then differentiate to We m. We chose

instead to derive m from the velocity wrr already plot-

ted in Figure 1; as is indicated in equation (]3"2), fea-
tures of X such as zero crossings rise at a rate equal
to w_r. In this context, attenuation does not affect the

phase ¢, so it is appropriate to consider the expression

X(Z,_) = cos(_(:)-_), where _ is the annual frequency

and ¢ is the phase. Differentiating X first with respect
to z and then with respect to t and applying (B2) yields
the relation

mto_ = _ (5)

so that m is defined in terms of w_r. The profile of

m (not shown) has the shape one would expect for the
reciprocal of wtr, with a max.imum at about 20 km.

3.4. Some Approximate Answers

In the discussion that follows,it will be useful to have

rough estimates of the quantities to be calculated, as

well as plausible rang¢s of values. It is possible to de-
termine a directly from [CH4] data by taking the time

mean of (2) and neglecting the diffusion term:

wX= + 7X
a = _ = ((5)

XML -- X

with x=[CH4]. The profile of am is the solid curve in
Figure 4a.

Some idea of extreme values of _ and K can be esti-

mated using the W'KBJ approach set out in Appendix
A. More accurate calculations based on (4a)-(4c) will
check these estimates. The zeroth-order WKBJ equa-

tion is similar to (AS), but with t_ instead of w_r, while

the first-order equation (A6) is

- _(ln f). -- I£m 2 + ,', (7)

which illustrates the simple relationship between the
two observables, t_ and f, and the two agents of atten-

uation, K and a.
From this equation alone, K and _ cannot be uniquely

determined, but we can estimate limiting values. We as-
sume that u3 _ w=r and alternately set K = 0 and _ = 0

to derive, respectively, the largest a (amax) and the

largest A" (/<m_) that are consistent with the observed
attenuation of the smooth tape recorder amplitude [

under the WKBJ assumption. Also, with _, = am in

(A6), a profile of [< ([¢_) can be derived that is consis-
tent with _m. That is,

- g'(In fl)- =[£.-.._rn_'=a.-,_=fVmrn°'+c_ (8)

32

28

_ 24

< 20

a: dilution rate

16

0.00

i _ 10.0

\ _" 14.7 ._

/ 21.5 =

/ 31.6

x 46.4

x"__N_x.._.__ _ 68.1
' , , ., I00.0

0.05 0.i0 0.15 0.20
lOats -t

b: diffusion coefficient
32 '

28 1 14.7 _.e_

_. " " 21.5 "=

24 : ....1"
.= : _. 31.6

_' 20 46.4 _
68.1

16 100.0

-0. I 0.0 0.1 0.2 0.3
mls -I

c: diludon timescale

32 ". ,, I0.0

= 28 14.7 _2
c.

21.5 ---
24

31.6 ._

-
20 46.4

68.1

16 _ , , 100.0

0 20 40 60 80

months

Figure 4. (a) Profiles of am (solid) and _,._= (dashed)
for curves M and M" (the latter marked by plus sym-
bols), (b) As in Figure 4a but for Km and /<'max,
(c) As in Figure 4a but for r m = 1/am (solid) and
rmi n = I/area × (dashed).

Figure 4 shows profiles of am_x, am, Knox, and Km.
(For In f we have used the curves M and M" in Fig-

ure 3, and solutions using f = M" are indicated by

plus symbols.) The profiles in Figure 4a of am (solid

curve) and am_x (dashed curves) both have a minimum
of about 0.01-0.02 x 10-_s -_ at 22 km, with values

increasing toward the tropopause. Km_ (Figure 4b,
dashed curves) has a minimum of about 0.02 m2s -t

also at 22 km and reaches much larger values near the

tropopause. Where am exceeds am_, Km (solid curves)

is negative; this occurs below 17 km and above 29 km

(for :z).
Solving (8) for the seven profiles of f shown in FEg-

ure 3, we find (results not shown) that amax above 13
km always lies between 0.01 and 0.07 x t0-_s -_ and
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is sometimes smaller than am (implying that fGa < O)
above 2T kin. Both oL,_ax and [_'max have a minimum
near 2'2. kin. since (from (A6)) they vary as the prod-

uct of the fractional attenuation rate and a power (1
for _m_, 3 for /Cmax) of _. Curves fitted _o curve d

in Figure P. tended to have smaller values of _ and
Kin= above 24 km than did _hose fitted to curve a. The

profiles of c_m and Km for M" were the most plausible,
with am remaining fairly constant and ICm poskive ev-

erywhere above 18 kin. This is a consequence of fi:dng
the attenuation rate to a constant above the cliff.

Most other researchers investigating the dilution of

tropical air by midlatitude air _e.g., Polk etaL, 1996]
have discussed, instead of the dilution rate a, the di-
lution timescale r = 1/a. This quantiW is shown in

Figure 4c for the three profiles of _, in Figure 4a. The

minimum timescale (dashed curves, corresponding to

ma:dmum e) is about 5-15 months above 24 km and
has a sharp peak of nearly 2 yearsat 22 kin.

V_e emphasize that the curves shown in Figure 4 are
not our best estimates of _hese quantities.The dashed

curves represent extreme cases,under the WKBJ as-

sumption, where only one ofthe two processes(dilution

and diffusion)operates. In reality,0 < K < Kma.x and

0 < c_ < am_x. At each altitude there is (in the full solu-
tion) a unique combination of K and a consistent with

the observed attenuation. Before solving (4a)-(4c) (the
full, non-W'KBJ set) to determine that unique combi-

nation, we first test the method using synthetic data.

3.5. Generation of Syn_:hetic Data

We generate synthetic [CH4] and I:I data using vari-
ous profiles of to, R', and a to solve (2). We can then

inverse solve the synthetic data to derive profiles of to,

K, and a, and compare these with the input profiles.
This provides a complete, end-to-end check on the for-
ward and inverse methods and codes, as wall as a check

that the inverse method, to be used on smoothed real
data, is well conditioned and robust.

The simple model used to generate the synthetic data,

then, is a discretized form of (2) and is run five times,
using the five combinations of f( and a given in Table 2.

The profile of to used in each case is simply w_.. from

Figure i, but because equation (2) uses _ instead of to,

and _ depends on A" (see equation (3)), & is slightly

Table 2. Profiles of .rC and c_ Used to Generate Syn-
thetic Data

Combination

I 2 3 4 5

.rC 0 0 [G," A'.,_ A',,.,
C: Otm _.'nax _ra 0 _m

See text for definitions, and Figure 5 for profiles, of
IC.... [(_, c,=, and c,....

"The proEle of A'= sho_-n in Figure 4b was modified below
about I7.5 km co [no'tease monoconical!y co a value of 0. t
m2s -t ac 100 hPa.
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Figure 5. Time mean [CH4] in the tropics as observed
by HALOE (solid curve) and as simulated by I-D model
for _wo values of the diffusion coefficient K: K = 0

(dashed curve) and A" = /'Crn,x (dash-dot curve).

different in each case. Advection is accomplished using
essentially a semi-Lagrangian method, wkh the other

terms time-split and semi-implicit; vertical resolution is

quite fine (50 m), as is temporal resolution (0.5 day').
To prevent error growth, the second derivative is eva[-

uated on a reduced grid whose vertical resolution a_
pro.,dmates that of the original HALOE data; then the
result is interpolated to the 50 m grid. The chemical
loss rate 1' for [CH_] is again taken from the model of
Kinnerslert [1995].

The time mean [CH_] profile is calculated by [nte-
gra_ing the model to steady state. The lower bound-

ary value and midlatitude profiles are time mean values
from Randel etal. [1998]. For I_Ithe lower bound-

ary varies sinusoidally with a minimum in mid-February

and an amplitude of i. Both S (chemical source-sink)
and X,'aLare zero. The model is ince_ated for 4 years,
and only the last year of data is used in the subsequent
calculation.

Figure 5 shows profiles of both time mean observed

and steady state synthetic [CH@ The synthetic profiles
were both obtained using _ = c_m, one with IC = 0 and

one with K = Kmax (see Figure 4b). Over most of the

domain, the synthetic profile with tC = 0 fallswithin

0.01 ppmv of the observed profile. For K = [<_,x,
however, differences are larger owing to the advective

effect of-A'_ (equation (3)), which for Kma× is large
below 21 kin.

We also calculated time-varying H for the five com-

binationsof A" and c_ shown in Table 2. Whh each of

the combinations of A" and c_, the resulting [2I (Plate
2) qualitatively resembles Plate lb. What disting'uishes
them is the rate of attenuation, which we will examine

shortly, and the apparent ascent rate. In our I-D model

we can unambiguously identify the model's advective

velocity (&, which includes diffusive effects) with the

phase speed; in the real atmosphere the two quanti-
ties are not generally" equal, though the tropical strato-

sphere is the only region where they are close [Hall and
Waugh, 1997a]. The transit time from i00 hPa to l0

hPa of a (temporal) maximum or minimum decreases

with increasing K, from 18.I. months for K = 0 co 171.

months for K = K= to 16.0 months for A" = A'ma,_.
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Plate 2. I:I anomalies simulated by 1-D model for the five combinations of K and c_ given in

Table 2.

=

The transit time estimated from HALOE data is 18.6
months. Note that in our 1-D model we have used

Cv= W_r + (K/H) - I'[_, so the faster ascent for nonzero
K is to be expected. The transit time also depends

weakly on a, differing by 14 days between combina-

tions 4 (r, = 0) and 5 (_ = c_rn) but only by 1.5 days
between combinations 1 (a = C_m) and 2 (_ = C_max)-

The input profiles of If and _ determine not just the
ascent rate but also the amplitude of Iii anomalies (Fig-

ure 6). Combination 2 reproduces the observed profile
M" fairly well. Combinations 2 and 4 represent (from

(A6)) the extreme cases of no diffusion and no dilution,

respectively, and since from (8) combinations 2, 3, and
4 all have the same profile of Krn _"+ c_, they would pro-
duce the same attenuation were it not for the fact that

tb is different for each one. For those combinations with

K # 0 (3, 4, and 5) the ascent rate is quite fast in the
lowest few kilometers of the stratosphere owing to the

influence of diffusion; consequently, the tropical air has

less time to be modified by diffusion and dilution, so
there is less attenuation of the tape recorder signal at a

given altitude.
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Figure 6. imp[kude of 121anomalies sitnulated by 1-
D model (broken curves). The solid curve is M" from
Figure 3, representing observations.

4. Results

4.1. Deducing Known Profiles of w, K, and
From Synthetic Data

In order to test our method of inverse-solving for K
and c( on the synthetic data, we must first determine

m. This is done by calculating an ascent rate w,yn_a for

each of the synthetic IT{time series, in a manner similar

to that used to derive w_r. Using the profile of w,yn_a for
each combination, we calculate a corresponding profile
of m for inverse solving equations (4a)-(4c).

For each of the five combinations of I'2 and a inTable

2, we sample the synthetic data at vertical resolutions

ranging from 1.2 km (similar to HALOE data) to the
50 m grid of the synthetic data, interpolate back to the

50 m grid, then inverse-solve (4a)-(4c) at 50 m resolu-

tion. As is shown in Figure T for combination 3 sampled
at 1.2 km resolution, and for the other combinations

and sampling resolutions (not shown), our me_hod is
fairly successful ag recovering the input profiles of w

(= _ - (K/H) + K_, from equation (3)), c_, and K, at
least between 18 and 28 km. Below 18 km the solu-

tion often differs substantially from the input values, a
problem that is exacerbated at higher resolution. The
problems below 18 km occur because the determinant

of the matrix arising from (4a)-(4c) issmall. In the

high-resoluuon calculation, R.MS errors (over the five
combinations) between 18 and 28 km are small: 0.0I-

0.03 mms -1 for w, 1-7x l0 -9 s-1 for a, and 0.003-0.03
m-_s - t for K. This method is clearly well suited for our

purposes.

4.2. Deducing K and cf From HALOE Data

With some confidence that our method will give good
results above 18 km, we apply it to each of the seven

smooth amplkude curves shown in Figure 3. We use the

observed [CH4] profile in Figure 5 and other input data

as described in section 3.3. As with synthetic data, the

HALOE data are interpolated to a 50 m vertical _id

for calculations, then subsatnpled on a t.2-krn vertical

grid for plotting. The results are shown in Figure _.
In each panel _he mean is shown as the solid curve.
bounded by '--io', where ¢ is calcular.ed over the six

smooth curves (not including M'). The derived profile

of w is very similar to w_r (long-dashed curve) but is
sotnewha_ lower above 24 km.

All seven definitions of [ yield results for a that are

substantially similar to each other and to am (Fig-
ure 8b), for reasons thac will be discussed shortly.

a: vertical velocity
32 ' .- ....
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"= 24
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b: dUution rate
32 • ' .
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20 4 .4

-. 68.1
16 - - - I(30.0
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Figure 7. End-to-end consistency check by forward
solving and then inverse solving equation (I). Dashed
curves are the profiles used for forward solution and

are, respectively, the same as (for w in Figure 7a) the
plain solid curve in Figure I, (for a in Figure 7b) the
solid curve in Figure 4a, and (for I< in Figure 7c) the
solid curve with plus symbols in Figure 4b, modified as
noted in Table 2. Solid curves in this figure are profiles
derived from inverse solving. Differences give an idea of
the effects of numericaI truncation error.
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Figure 8. Profiles of (a) w, (b) a, (c) r = l/a, and (d) K calculated by inverse solving the 1-D
model with HALOE data, using equations (4). In each panel the mean of six solutions using the
six broken curves in Figure 3 is shown as the solid curve, bounded by '--Io'. Also plotted are the
results when f = M" (diamonds). The calculation is performed on a 50-m grid, but the results
are plotted on HALOE levels. Long-dashed curves in Figures 8a, 8b, and 8c represent w_, "m,
and 1/c,m, respectively. The solution for K (with f = M') has been extended to 100 hPa as is
discussed in section 5.2.

The minimum values are less than 1.0 x 10-Ss -t, and

r, < 4.0 x 10-_s -1 everywhere above I8 kin. The recip-

rocal of c_, r (Figure 8c), indicates far Longer timescales
than in previous research, for reasons that we discuss
in section 5.4. At this point it is sufficient to note that

the range of values above 18 km is 1.5-7 years, much

longer than the advective timescale.
Profiles of K are reasonably consistent for all seven

curves between 18 and 25 km, but differ markedly from

each other above and below this altitude range. For

most definitions of/, .K decreases again above 24 km
and for many, K becomes negative at some altitude.

The profiles with f = M" and with curve a smoothed
1000 times are the only ones for which K > 0 every-

where above 18 kin. Below 18 kin, most profiles are

negative. The tentative extension of the solution to 100
hPa will be explained in section 5.2.

It is worth noting that a conceptually simpler ap-

proach, the WKBJ method outlined in Appendix A,
yields very similar results. In essence, the WKBJ

method says that w = w,, a = _m (from equation
(6)), and K = Kin. That is, [CH4] tells us about di-
lution, and the role of diffusion can be deduced from
the excess attenuation of _he Ill anomalies above that

expected from dilution alone.

5. Discussion and Conclusions

The ability of the first pair of EEOFs to reproduce

the essential features of the tape recorder signal (Plate

1) underscores the simplicity of the phenomenon; marks
left in the air by annual variations of tropopause tem-

perature are the dominant variation in tropical water
vapor below i0 hPa. The somewhat ragged HALOE
data are smoothed nicely by EEOFs, allowing us to

estimate directly the ascent rate of the tape recorder

signal, w_:. Knowing K allowed us to extract a profile

of w (Figure 8a) from _.
Having simultaneously derived profiles of the three

quantities w, a, and K, we now consider in more detail
the assumptions and weaknesses in the calculation. We

also discuss the implications of our findings and com-

pare them to those of other researchers.

5.1. Comments on the Method of Deriving K
and

Several aspects of the calculation bear consideration:
the reliability of _he data, our definition of tape recorder

amplitude, the curve-fitting techniques used, the appro-

priateness of equation (1), and our numerical approach

to finding if and c_ (equations (4a)-(4c)).
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The papers valida=ingHALOE H_.O [Harr_es etaL.

1996] and CH_ [Park etaL. 1096] provide.'stimatesof

the systematic and random errors of these two quan-

ti=ies (their Tables 1). The errors grow with pressure
in the lower stratosphere; for example, the root-sum-
square of all sources of error for CH4 is 11% at 10 hPa

mad 19% at 100 hPa. While the larger errors at 100 hPa
may affect our remits, we believe th_ effect is minimal

for several reasons. First, the error tables refer to in-

dividual profiles,but we have used montMy means; for

largenumbers of profiles(usually50 or more) the ra_-

dora errors average to zero,leavingsystematic errors

at.100 hPa of 15% for CI'_ and 24% for I-I_O.Sec-

ond, I;Idata enter the solutionmainly through (Inf)_.

The only systematic errors that could have a signifi-

cant effecton (Inf)_ are thosewith a seasonal,altitude-

dependent bias;a uniform positiveor negative bias at

any level would have no effect on f at that level, nor

would a seasonal bias that was independent of altitude.
While it is possible that a seasonal, altitude-dependent

bias e:dsts, it would probably not be the largest com-
ponent of the systematic errors. A known bias e.'dsts

in the lower stratosphere between profiles taken dur-

ing sunrise and those taken during sunset, but over the
5 years there is no seasonal bias between sunrise and

sunset profiles. Finally, one can estimate the seasonal

variations in I2I at 100 hPa using observed 100 hPa tem-

peratures to calculate saturation mixing ratios [M96];
these place an upper bound of about 3 ppmv on the

amplitude, compared to 1.1-1.5 ppmv using the various
definitions employed here. If we have underestimated
the amplitude, that would merely serve to increase c_

and K below 18 kin, where they are already large and
perhaps unreliable.

A potential weakness of our calculation is the actual

definition of the amplitude of the tape recorder signal.
As is discussed in section 3.2, this definition should dis-

tinguish variations whose source is the tropical tropo-
pause from all other variations. Furthermore, since a
and K must be positive, and since wt_ is observed to

be positive, by (A6) the smoothed amplitude profile f

must be monotonically decreasing with altitude. In our

opinion, the definition using EEOFs (curve a in Fig-
ure 2) is the best one because the variations seen in

Plate tb are clearly linked to the tropopause. By" some

other definitions the amplitude decreases less quickly

with altitude above 24 km, but these other definitions

are more susceptible to variations attributable to other

causes as discussed in section 3.2. Only two curves, one
of them M', lead to positive K above 28 kin, and it
seems reasonable to conclude that the other curves are

not decreasing fast enough above 28 kin.

The next point of concern is the curve fitting. For a

model like (1) to succeed, smoothing must be performed

on the profiles of w_r and especially the amplitude A.
We have attempted to bracket the range of plausible

curves by using two definitions of amplitude and three
degrees of smoothing,

One might we!l ask whether the I-D model repre-
sented in equation (1) accurately depicts the dynam-

its of :he tropical stratosphere. Perhaps the greatest
weakness in ;he model _ the _reatment of dilution a_ a

linear relaxation process, especia[Iy below 20 kin, where

the tropics and middle latitudes are inttuenc_ by the
swirl of monsoonal and other three-dimensional circu-

lations protruding from the troposphere [Dunkerton,
I995]. Vertical diffusion too has more complex charac-
teristics below 20 kin. For these reasons and because of

the poorer performance of the inverse solving method

below 18 km even with "perfect" data (Figure 7), we
have little confidence in our results below 18 kin, espe-
cially for If.

Finally, we discuss our approach to inverse solving
(2). Our method tests well on synthetic data except

below about 18 kin. It gives a definite result at every
altitude, but with HALOE data at upper and lower lev-
els it tends to give small or negative I< except for the

best profile M'. Note that by assuming that tempo-
rally constant profiles of w=r, _, and K apply to both

[CH4] and I:I, we ignore covariance terms like w'.'('_, leav-
ing just [w][xa] (where [w] represents a time mean and

w' is a departure from that mean) and similar terms.

Seasonal variations in w_r [seeRosenlof, 1995], a [see
Bowman and Hu, 1997], and K appearing in covariance
terms would be interesting, but their calculation [sbe-
yond the scope of this work.

5.2. Vertlcal Velocity

A preliminary version of our Figure i was presented
by Dunkerton [1.997], who compared a profile of wt_ de-

rived from the (shorter, version 1T) data used by M96
with the radiatively derived transformed Eulerian mean

vertical velocity u3" of Rosenlof [1995] (which constrains

the global vertical mass flux to zero); both showed a
minimum ascent rate of about 0.2 mm s -t at about 21

km. Eluszkiewic= etal. [1997] have also calculated @',

and a profile formed by averaging five of their profiles
calculated using different inputs (not shown) generally

falls within the error bars of the two curves in Figure 1
but has less vertical variation.

We now discuss the significance ofsimilarities and dif-

ferences among the quantities w, t_', w_.-, and t_ (Table
1). In principle, ff_" should be the same as the vertical

advection velocity w. We consider two questions: (1)

whether w_r calculated mathematically with (B3) using
the results of our inverse-solving method (C,, and /C)

agrees with w_r found using Plate lb and (2) the impli-
cations of the differences between wcr and @" above 24
km and below 18 km.

To address the first question, we calculate the terms

in the definitions of _ (equation (3)) and w_r (equa-

tion B4) and plot the results in Figure 9. For K we

have used the profile indicated by diamonds in Figure
8d, extended to 0.1 m"s -t at 100 hPa as indicated, for

reasons that will shortly become clear. The vertical ad-

vection velocity w is shown as the solid curve; of all

the curves, it has the smallest variation, being gener-
ally near 0.3 mms -_, but like :he others it has a pro-

nounced minimum a; 20 kin. Figure 9 implies r.b.ac the
true advec:ion ve!oci_y is slower than the ascent rate of
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correspond to f = _,_',the case shown by diamonds in
Figure 8. See textfordetails.

marks on the tape (w=_) and that this difference is due

to diffusion. The K/H term (dotted curve) amounts
to no more than 10% of _. The profileof to,rderived

mathematically from (B4) (dash-dotcurve) isvirtually

identicalto w_r itself(diamonds), which isan encourag-

ing demonstration of the consistencyof _, K, and the

derivativesused in calcular.ingthe approximation I/h

(B5).
To address the second question,we considerfirst the

differences above 24 km, where _" is significantly larger

than w_r, which in turn is larger than to..4.ssuming for
the moment that our estimate of K is inaccurate and

also that _" = w, (B4) could explain the difference

only if A" were large and negative, or K_ were large and
positive, because the K terms compete with the -/'(_

term. Because of this competition, only absurdly large
values of K could explain the difference between E," and

Wtr. It therefore seems that _" # to; either our estimate

of w_r is too small, or Rosenlof's_" istoo large. We
note that Eluskiewicz's estimates of @" are also smaller

than Rosenlof's, generally 0.3-0.4 mm s-I, and that a

significantly larger w, and hence tort, would mean that

(for plausible values of K) I:I anomalies would arrive at
10 hPa much faster than is observed.

Below 18 km our results generally suggest an increase

of _, a, and K approaching the tropopause, but the

uncertainty of I< is relatively large, and more than one
interpretation is possible. On the one hand, if &" is

qualitatively correct in this region, then a rapidly de-
creasing K might be responsible for the difference of

about 0.2 mm s-t between _" and tour. Such a profile

of K would be expected if vertical mixing were enhanced
in a shallow layer owing to overshooting deep convec-

tion, as well as the localbreaking of slow Kelvin and

gravity waves launched by convectivesystems. Assum-

ing a linear profile of K between 100 hPa and 83 hPa

(as indicated by the dotted line in Figure 3d), it turns
out that It" = 0.1m2s -t at 100 hPa will produce the

difference of 0.2 mms -t between w and wtr.

On the other hand, if w=_ _ w, i.e., increasing rapidly

approaching the _ropopause (as in Dunker_on's [1997]

model of _he QBO, t'or examp[e) _hen ?C at 100 hP_.

must be much smaller and some,.hing must be missing
from Kosenlof's radiative model, such _hat :he actual

diabatic heating rates are significantly larger at, and
jus_ above, the tropopause. One possibility is that heat.

ing associated with subvisible cirrus [ Wang et el., 19961,
not included in Rosenlof's calculation, contributes to

enhanced ascent in this layer.

Another explanation of the observed tape signal near

the tropopause is that the _recording head," in reality,
has a finite depth due to spatial and temporal variations

of tropopause altitude, so that the source of the _I signal
is somewhat fuzzy, giving the appearance of enhanced
apparent ascent. To be sure, the observed vertical dis-

placements of tropopause altitude occupy a significan_
fraction of the layer in which enhanced ascent is ob-

served, and might therefore account, to some extent, for
the observed signal. Nevertheless, none of the physical

mechanisms described in the previous paragraph can
be readily dismissed, and they merit further study. For

example, knowledge of the population of overshooting
convection, along the lines discussed by Zhang [1993],
could (in principle) be used to model K(:) for com-
parison to derived e_timates. Similar models of diffu-

sivity might be obtained from examination of breaking
waves in long records of aircraft and rawinsonde data.
A more thorough examination of these mechanisms will

improve our understanding of stratosphere-troposphere
exchange, dehydration, and radiative balance.

5.3. Diffusion

The derived profile of Ii has a minimum of about 0.02

m2s -_ near 21 km; between 18 and 24km, the values of
A" are similar for all definitions of f. Below 18 km the

values of K are unreliablebut probably increasedown-

ward. Above 24 km our resultssuggest a value of K

around 0.1 m-_s -_. These values are somewhat greater

than the value of 0.01 m2s -t Hall and Waugh [1997b]
derived for the layer between the 100- and 31._-hPa

HALOE levels, but they used Randel et at. 's [1998] def-
inition of amplitude (plus symbols in Figure 2), which
has smaller vertical derivative. Our values of [< are

somewhat less than the 0.07 mrs -t derived by Remsberg

[1980] for It°N, and are considerably less than the 1-7

m2s -t derived by Patra and tel [1997] for IS°N, but the
latter authors neglected vertical advection. The profiles
of K that they showed, from their work and from several

papers in the 1970s and 1980s, were otherwise qualita-
tively similar to ours, with a minimum around lg-21

kin, sharp increases toward the tropopause, and slow
increases up to 50 kin.

Above 24 km the uncertainty in our derived It.is
large and depends sensitively on the definition of the

amplitude curve f. For most curves f in Figure 3, N

becomes negative at some althude. Only for f = :_["

and a highly-smoothed curve a does K remain pcsk[ve.

The diffusion coe_cient included in (1) represents the
effects of a number of processes. These include small-

scale processes such as turbulence due to gravity-wave
breaking, bu; also larger-scale processes such as the di-
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abatic dispersion discussed by 3patqing et al. [I997]. [n
the tropical context the la_:er ls likely to arise from the

fac:_hac as air parcels move longitudinally they experi-

ence differenthistoriesof radiativeheating,due :o the

temporal and spatialvariar.ionofthe heatingfield.Such

variationsmay occur on the largestscales,e.g.,in as-

sociationwith the warm pool region,or on mesoscales,
e.g.,in associationwith radiativeeffectsofcirrusdecks

associatedwith individualconvectivesystems.

S.4. Dilu1:ion

Unlike K, a isnot very sensitiveto the definitionof

f. All curves have a minimum of about 5 x tO-9 s-t,

somewhat smaller than for am (Figure4b). Above 24

kin, a isclose to 2 x 10-6 and valuesare much larger

below 18 kin. The small valuesofa between 18 and 24

km approach the zero-dilution limit of Plurnb's [1996]
"tropical pipe" model.

The reciprocalof _ (r) isthe timescalefor dilution

by midlatEtude air, and has a maximum at about 22

km (Figures 4c and 8c). Our maximum value of r (80
months) is, however, extremely large compared to the
values reported by M96 (15-18 months between 46 and

22 hPa), :l,[inschwaner et al. [1996] (maximum 12-18
months), Volk etal.[1996](13.5months between 16 and

21 km), Schoebert et al. [1997] (18 months between 20

and 28 kin), Hall and Waugh [1997b] (16 months betwen

100 and 32 hPa), and Randel et al. [1998] (15 months
between 68 and 32 hPa). While some previous studies
[Hitchman et al., 1994; Minschwaner et al., 1996; M96;

Remsberg and Bhatt, 1996] have suggested that there is

an altitude range where air is more isolated from middle

latitude, our results indicate a much greater degree of
isolationthan other studies.

To understand why this is so, we mention a few rel-

evant obser',ations.First,the profilesof a and _-give

differentimpressions;_ contraststhe rapidityof dilu-
tion below about 18 km with the slowness above 18

km, while r emphasizes the very long timescaleover

the 20-24 km altituderange. Coarser resolutionof r

would diminish the mammum; in fact, over the 20-28

km altitude range of Schoeberl et aL [1997], the recip-
rocal ofour average e is33 months. Second, sincemost

other estimates of the dilution rate have neglected the
role of diffusion, their estimates of r should be viewed

as lower limits, and indeed, when we neglect diffusion
(Figure 4c), our profile of r resembles that of other

studies. Third, other studies have generally assumed

a vertical velocity profile that is constant with altitude,

but when the vertical velocity profile has a minimum
(as does w=r), the timescale for dilution necessarily in-

creases at the altitude of the velocity minimum.

Fourth, other studies have not shown the cliff, that is,

the sharp reduction [n the vertical _adient of [CH4] and

I:Ifrom HALOE and of [H20] from MLS between about

20 and '23 km (Figures 2 and 5). Vv'e raised the possi-

bility earlier that the cliff is spurious. However, it ap-
pears consistentIy not just in the quantities mentioned

but also in HALOE HF [e.g., Cordero et eL, 1997] and
CLAES CH4 and N__O [Roche et al., 1996]. The cliff

occurs just at the flight ceiling of _he ER-2 research
aircrah (about 21 kin).

This cliff, together with _he minimum in ver'.ical ve-

locky, gives rise to much smaller values of a, hence
larger values of r. The actual values of r are so much

longer than the timescale for verticaladvec:ion as to be

practically infinite (i.e., the transpor_ barrier between

tropics and middle latitudes is almost perfect) at these
levels.

5.S. Final remarks

Using the WKBJ approach (equar.ion(AS)) and con-

sideringonly the attenuation rate of the tape recorder
signal in H, we derived profiles of the ma.,dmum dilution

rate om_ and of the maximum vertical diffusion Igm_x

for the extreme scenarios where (respectively) K = 0

and a = 0. We can use ema_ and Igma×, along with our
derived profiles of K and a, to estimate the fractional

attenuation due to dilution, a/amax, and the fractional
attenuation due to vertical diffusion, K/[_max. In
Figure I0 we show these quantities for f = M and

/ = M'. For virtually all the curve fits, the results
resemble those for f = M: dilution dominates below

18 km, diffusion dominates between 18 and 23 kin, and

dilution again dominates above 28 kin. For our "best"
curve fit f = M', however, diffusion dominates over

nearly the entire stratosphere.
Our analysis therefore shows that despite the fairly

small values of K (as low as 0.02 m'_s -t) in the altitude

range 18-28 kin, vertical diffusion plays a significant
role in attenuating the tape signal. From Figure 6, even

modest values of A" can make a significant difference in
the net attenuation at 10 hPa (compare.curves (I) and

(39. While these values of K will have lkde impact

on the budget of a monotonically varying cons6tuen=
like [CH4], it is clear that one cannot neglect diffusion
when considering a constituent whose second derivative

is large, like water vapor or perhaps (at some altitudes)
ozone. Improvements to 1-D models like those of A_'al-

lone and Prather [19961 or Patm and Lal [1997] would

include all of the processes represented in equation (1).
The results presented here suggest that the tropical

air column can be divided into three regions. Below
about 18 km, _ and w_r are comparatively large, and
diffusion is probably large there as well. Holloa et al.

[1995] and Rosenlof et al. [1997] distinguished this re-
gion from the stratospheric "overworld," and it falls un-

der the direct influence of tropospheric circulations,as
was noted in section 5.2. When the air rises to the

second region, about 19 km, it finds itself extremely
isolated from middle latitudes up to about 23 kin, and

thisisolatedair risesvery slowly (ittakes6 months to

travelthose 4 kin). In thisregion,dilu6on isso weak

that the amplitude ofI:Ianomalies is approximately con-

stant with altitude (Figure 2), and [CH4] decreases at
a markedly reduced rate (Figure 5); wha: loss of [CH4]

occurs there can be attributed mosdy to photochem-
istry. Also, although K too has a minimum :here, k
appears _o be largely responsible for the weak at:eau-

adon thac does occur (Figure 10). This ex;reme iso-
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lation is consistent with the remarkably long duration
of QBO westerlies below 23 km. When the air reaches

the third region, above 23 km, a, A', and w_r are again

larger, and the air again feels the influence of middle
latitudes. In contrast to the region below 18 km, where
the swirl of tropospheric circulations is responsible for

dilution, the agents of dilution above 23 km are prob-
ably Rossby waves propagating from middle latitudes

[O'Sulllvan and Dunkerton, i997].

Appendix A: WKBJ Solution:

Advection-Diffusion-Dilution Equation

For the purposes of section 3.4 and elsewhere, we con-
sider approramate solutions to (2) applied to ft, so that

S = 0. Regarding the _ape signal as a slowly modulated

sinusoid, so that WKBJ (Wen_ze[-Kramers-Brillouin-
Jeffreys) theory will be applicable, we assume a solution

of the form X(z, _) = ReA(Z) exp[i(¢(:) - _'t)], where
Z =/_: is a slow height variable, A(Z) is a slowly vary-

ing amplitude, and ¢ is now defined by _: = re(Z), so

that m, though not _b, is assumed slowly varying. As
in section 3.3, we may take both A and ._ to be real;

note that apart from restricting it to be a function ofZ

alone, hence slowly varying, A is the same as the f(:)

of section 3.3. Defining _ = ¢(-) - _,'L we have

x,: = Re {(usa '' + 2imuA'

+im'pA - re:A) exp i¢} (Alb)

where primes denote differentiation with respect to Z,
so that (2) with S = 0 becomes

-i'-'A + _(_A' + imA) =

K(p"A" + 2irn/_A' + im'#A - m_'A) - e.-t (A2)

Forward solution of _his equation when E' and f< are

prescribed functions of 07 alone process wi_h an ex-
pansion of A in powers of p:

.4= -4o+ ;_At +/.L-.4,.+ ••. (A3)

so that at zeroth order in #,

- _Ao + imffJAo = -(Krn 2 + a)Ao. (A4)

For real m it will be assumed that Km'-/_o and a/w are
0(_) whence

m_5= _ (.4.5)

This is the appro.,dmate WKBJ counterpart, at this or-
der, of the exact relation (.5). In general, the three terms

of ff_ = w + (K/H) - pK' contribute to the apparent

upwelling, including terms involving f<, but under the

Vv-KBJ appro.,dmation [< is small, so to leading order,
m is determined by w. At first order in p, we then have

(A6)

for the slowly varying amplitude, with & _ w.
According to (AS) and (A6), vertical advection has

two effects on the oscillatory solution. At zeroth order,

it creates a wavy vertical structure, translating infor-
mation from the lower boundary upward along charac-
teristics

At first order, advection maintains the amplitude enve-
lope of X against attenuation due to vertical diffusion

of the wavy vertical structure and linear damping.

Appendix B: The Relationships Among

w, t_, and wtr

Recall that w is defined as the vertical advection ve-

locity, t_ = w + (If/H) - A': is the quantky found

by inverse solving (4a)-(4c), and w_r is the ascen_ rate

of I:I anomalies, defined graphically from the EEOF-

reconstructed plot, Plate lb. We begin by noting tha_
diffusion can change the apparent tape speed much
more than dilution can, as is discussed in section 3.5;

variations in f< for fixed a had a much greater effect on
the transit time from 100 to 10 hPa than did variations
in a for fixed K.

Taking (2) with X redefined as the I-:I anomaly, i.e.,

the departure from the mean, in other words the tape

signal alone:

X_ + t_X: = KX,_ - aX - 7,'( (Bt)

Now, every extremum (X: = 0) and zero crossing (X =
O) must ascend with velocity wtr. The following resuh
can be obtained using either fact, bu_ it is simpler to

use the zero crossings. We have

x: + w::,_: = 0 (B:?)

at those altkudes and times for which y = 0. By corn-
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paring (BI) with (B2), we readily obtain, regardless of
the values of a and 7,

'_ = & KV:- II (Be)
Xa IX=O

whence, using equation (3),

w_ = w + K/H + K/8 - K, (B4)

where h = -X../X=:; note that no approximations have

yet been made. We can calculate h by substituting into
the above from (Ale) and (Alb), and keeping only the
leading order terms in the W'KBJ sense, _etding

[/h __ -2(In A), - (lnm)a (Bb)

Variations of h about its mean value of 3.6 km are small.

Figure 9 compares w, t_, w:r, and w_r calculated using
(B4) with the approximation for 1/h. The similarity
of the two wc_ curves provides a valuable end-to-end

check of our method, since the derivation in (B4) relies

on A and m and on & and K found by inverse solving
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Interaction of exZratropical Rossby waves

with westerly quasi-biennial oscillation winds

Donal O' Sullivan
Northwest Rcsc:amh Amociama, ine_rpor'a_ Bellevue, W_hing_on

Abstract. The role of laterally radiating stratospheric Rossby waves from the
winter hemisphere in the momentum balance of the quasi-biennia| oscillation
(QBO) remains an unresolved issue. Observaaions of e×_;ratropica[ Rossby waves

penetrating close to the equator suggest that Rossby wave absorption in the tropics
must occur at least occasionally. This paper presents numerical simulations using

a global shallow water model to examine the pattern of wave absorption at low
latitude during the westerly wind phase of the QBO. Earlier results indicating that
extratropical Rossby waves radiating to the equator do not break there when the
QBO phase is westerly are reproduced. It is shown that the westerly QBO jet can
persist, undiminished at its core, over seasonal lengthintegrations,because the

laterallyradiatingRossby waves are absorbed along the QBO jet'sflanks,where

easterlyaccelerationoccurs. The net effectof the Rossby waves on the westerly

QBO jet is a reduction in the width of"itsmeridionalprofilebut not itscore

strength. This behavior isinterpretedby consideringthe filteringof equatorward
radiatingRossby waves by criticallayerabsorption,a processthatdepends on the

background zonal mean wind and the waves' phase speed and ampIkude. The

simulationsalsoshow that adequate horizontalresolutionisneeded to capture the

suppressionof wave breaking at the QBO jetcoreand persistenceof the jetcore

strength over seasonal timescales. The implications of this result for simulations of
the QBO in general circulation models are considered.
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I. Introduction

Planetary Rossby waves in the stratosphere radi-
ate upward and equatorward from their tropospheric
sources during the winter season. Their wave break-
ing and absorption at low and middle latitudes lead to
the formation of the isentropically well mixed _urf zone
in the stratosphere. Though most equatorward radi-
ating Rossby waves are absorbed at low latitudes, the
absorption process must not be complete, as extratrop-
ical Rossby waves have been observed at the equator
[Hitchman et al., 1987].

Radiation of some extratropical Rossby waves into

the tropics is also suggested by the occurrence of a ro-
bust correlation between the winter extratropica! cir-
culation and the phase of the quasi-biennial oscillation
(QBO). The tendency is for the winter s_ratospheric

vortex to be stronger and colder during winters, when
the QBO phase is westerly rather than easterly [Hotton
and Tan, 1980, 1982; Wallace and Chang, Ig82; Lab-
itzke, 1982, 1987; van Loon and Labit:ke, 1987; Baldwin
and Dunkerton, 19gl; Dunkerton and BaldvAn. 199i].
Stratospheric Rossby waves have been shown to play a
role in this tropical extratropica[ coupling [Ounkerton

Copyrigh_ 1.997 by ;he American Geophysical Union.

Paper number 97JD01.5'24.

0148-022-/97/97JD-01524S09.00

and Baldwin, Iggl]. This finding raises a paradox, how-
ever, as _he observed QBO winds do aotshow any evi-
dence for wave absorption during either winter season.
yet the QBO winds somehow influence the Rossby wave
activity so as to modulate the ex:ratropical Rossby
wave activity. Similarly, given _he long timescale of
the QBO, it is apparent that the survival of the narrow
westerly wind jet depends upon Rossby wave absorp-
tion not occurring in the westerly jet core, particularly
at lower stratospheric levels, where the westerly QBO
phase is oflonger duration.

The purposeof this paper is to discussthe propa-
gation of stratospheric extratropical Rossby waves into
the tropics during periods with QBO westerlies. It wil[
be shown that wave breaking is not expected within
the zone of westerlies as a result of _he absence of any
Rossby waves possessing a critical latitude there. This
occurs because easterly or weak westerly winds, which
typically occur equatorward of the polar night jet, act
to filter out those Rossby waves whose phase speeds
match the QBO westerlies.

2. Background

Observations show that QBO westerlies are narrow
and appear unaffected by Rossby wave absorption dur-
ing solstitial seasons [Dunkerton and Delisi, 198.5; .Vau-
joker, 1986]: sugges:ing tropical isolation from extra_.-

19,:.6 [
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topicaL Ros._by wave breaking. Indeed. it h_ lon_ b-,_n
known :hac Iar.era[ly p:o.oa_ati.,_g .,x:ra[:ooi,:.._l Eo,,,-,hy

wav_ do not p[ay a major role in forcing d_e QBO
[i'VaZ/ace and ffolton. !.961_],a view _upported by recent
numerical calculations, which show _hat reasonable ide-

alized QBO-like cycles can be simu[at.ed "vithou_ _[_e

need for sucilwestward forcing[DunL'erton.L997].

It is still possible, however, tl_a_ extratropi(:al R.o._sby
waves conr.ribute significandy to tlle QBO's momentum

budget [Dunkerton. 198.3;],[c[ntvre.£994].Itisaocahle

_ha_ numerical models readily display Rossby wave ra-

diation _o the equator [./uckes nnd ),[cfnttire. 1987:
0 "Stdlican and .%/6q. 1990:0 "Suilh'_mand D,,,ke,'to,,.

1994: W'augh et al.. L994: Polvan, et al.. t995], though

the wave flux is sensitively dependent on the subr, rop-
ical zonal mean wind profile in the winter sub_ropics

[Polvani et oZ.. L995: Chert, !.996]. Thus there is grea_
uncertainty surrounding _he interaction of the QBO and
Rossby waves from the winter hemisphere.

The preseu; study examines dais issue, mo_.ivated

by the tracer transport study of O'$ulIA'an and C'hen

[1996], which investigated how the QBO affects isen-
tropic transport at low latitudes over a solstitial sea-
son. Horizontal winds from the 6.50 K level of a three-

dimensional middle atmospheric simulation were used

to advec_ a tracer. Comparing simulations in which d_e

model had either an eas_eHy or a westerly QBO phase,
they showed a well-mixed stratospheric surf zone form-

ing at low latitudes for each QBO phase. The westerly
QBO phase simulation was interesting, however, in that

a second, smaller wave-breaking zone developed in tl_e
summer hemisphere at low la_itudes. This effect was

again seen in a baro_ropic simulation by Chen [1996].
Tb.is secondary wave-breaking zone was due to winter

hemisphere Rossby waves propagating across the equa-

tor from the win_e: hemisphere. Waw, breaking wa.s
dramatically suppressed in the wesr.erly QBO je_ at tl_e
equator, however.

The results of O'Sullivan and Chen [L996] suggest, a
possible solution to the puzzle of why Rossby waves
reaching the equator do not break and decelerate tl_e

narrow QBO westerlies (_--1.0° half width [:Ve(uell et _l..

1974]), in spite of the tropical winds exerting a strong
influence on the interannual variability of _he extrat-

ropica[ winter circulation [Nolton and Tan. 1980. 1.982].
The pattern of wave breaking seen at low [adtudes by

O'Su[livan and Chen can be explained by considering
the selective absorption of southward radiating Ros._by
waves as they approach their critical latitude (where tt_e

zonal mean wind matches the wave's phase speed) and
by considering the latitudinal profile of tl_e zonal mean

wind [R_ndel and Feld. 1..991.; Boz_'man. 19961. Most
extratropical Rossby waves have eastward phase speed

or are quasi-stationary and break in the weak wester-
lies or easterlies normally present in the winter subtrop-

ics. (The wave breaking is dependent on wave ampli-
tude as wet[ as intrinsic phase speed [F_/[e and Hehl.

1990].) The waves that propagae southward pa.sa the
weak wind zone into d_e QBO wesrer!ies and across d,e

equator will no_ encounter a cridcal latitude until clue,r-

reach d_e summer caste:lies. Thu.s filtering of so,_:h-

ward propagating Ro.-.,-.by waves by r.lxe weak wind._ ,/

d_e wiuter _ub_ropics prevents Ro._by wave br_akm_

in .'.he QBO westerlies. This .*bleEding e0fect may -'x-

plain how t_arrow QBO -vesr.erlies can survive for pe-
riods longer than a year in :he low and middle s_.rar.o-

sphere. The Rossby wav_ t.ha_ penetrate the r.ropi,:s
have critical latitudes in the summer hemisphere tow
latir-ud_, not in the westerly QBO winds.

To illustrate this effect, d_e zonal mean wind. i_. for

January £9ga is shown in Figure L. using _he United
Kingdom Meteorological O_ce (UKMO) assimilated

winds. This shows d_e strong polar night jet at high
latitudes in the winter hemi._phere, while a_ r.he equa-

tor a westerly QBO jet. is see,_, slighdy displaced in_a
the winter hemisphere. (Singapore observations show

tidal January t993 had QBO westerlies strouger d_an
1.5 ms -t from about :30 to 1.0 mbar.) The surf zone oc-

cupies the region of weak meridional potential vordcity

(PV) gradient from about 20°N to tl_e polar jet core.

The zonal mean winds near 20°-30°N appear unus,tall.v

strong forthis January in comparison with climatology
[Dunkerton and Delisi, £985; Randel, 1992]. This profile

nevertheless illustrates the point: since linearly propa-
gating Rossby waves require west.ward intrinsic phase
speed, c_= -g < 0, waves radiating _owards tl_e equator
from the winter extratropics wiI1 reach a critical latitude

and will be absorbed before reaching the equator, un-
less their phase speed. CR_,,is tess than the zonal mean

wind's local minimum in the winter subtropics, g, ....
i.e., ea_ < _,,i,,. Rossby waves satisfying _his ,:rite-

rion can radiate into the southern hemisphere until they
reach their critical latitude. During .January 1.9.93, for
example, Figure [ indicates that southward radiating

linear Eossby waves, wid_ a broad phase speed spec-
trum. will show critical latitude absorptfon at latitudes
north of :lxe zonal wind minimum near 22°N and _ourh

of abou_ 5_S (where u = u,,,_). The zone between 5'S
and 22°N is sheltered from Rossby wave absorption.

Zonci ,mecn ,,_;nC (UXL_,_O) 2' .5 m=

k
2O _-

L

0

-20 '-

-_C -SO -.:3 -20 20 aC ,5,3 3g

Figure l. Zonally averaged L'K._[Oassi:nila:ed zonal
-. . [9.).). ,'],:ringwind at ")_ .5 mbar. a,.era_ed over .Ianuarv ("

tlae westerly phase of'the QBO
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however, h_ linear theory. Thus the iso[ar.ed westerly

QBO je_ maximum don not. experience wav_ br_akin_
or wave drag. [n reality, tl_e _ih.ering of Fto_by ,_'av,_

will be more efficient. _ _nite amplitude Rossbv waves

will break before t'eaching d_eir critical [adcude _F.,,#_'
and Held, 1990: Waugh et al., [994], so radiation to
_he equator past the wind minimum requires finite am-

plitude wave,_ to have a westward in_riusic phase speed

there, cn_ -gram < O"< O, where i_ I increases with
inciden_ wave amplitude.

The sensitivity of Rossby wave propagatioa aad ab-
sorption az: low [ar.i_udes to the zonal mean wind was

recently discussed bv Poluam et c_L [199.51 and Chen
[I996]. Poluani et at. [t99.51 performed simulations of

_he northern winter stratosphere, using a _hallow wa-
ter model, similar to tl_at described below. They" con-
cluded from their simulations (which had tropical ea.st-

erlies) that confinement of wave breaking to dte main
surf zone was a consequence of strong subtropical shear
of the zonal mean wind.

Chen [1.996] ,_ndertook similar simulation_ with a
non-diw%ent barotropic model _nd emphasized the im-

por_aao = _t" the subrropi(:'q '.vmcb, in determining how
acr_vo _l_e winter hemispher_ _urf zone mixing was. In

particular, he showed tha_ tt_e QBO may or may not
have a significant influence on the extratropica[ circula-
tion m the lower s_ratosphere, depending on the mean

zonal winds in the win_er hemisphere subtropics. The
results presented here are consistent with the results of

these earlier papers concerning the importance of the

winter hemisphere's zonal mean wind.
The objective here. however, is _o clarify _he nature

of extra,topical Rossby waves' in_eracnon with a west-
erly QBO jet. while the extratropical winds evolve in

response to wave absorption. The filtering of equator-
ward radiating Rossby waves by the background winds
and the absence ofwave breaking in an isolated westerly
QBO-[ike jet is demons:rated next in a shallow w_ter

model simulation representative of the solsctial strato-
sphere.

a

so L
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3. Numerical Simuladons

3.1. Fl,esponse of tl_eQBO to Lateral Rossby
Wave Radiation

A two-dimensiona[ (2-D) globalshallowwater model
has been used co demonstrate the behavior of extrat-

topicalRossby waves radiatinginto the tropicsduring

westerly QBO phase. Two-dimensional mode!s such as

daisone have been used previouslyto study the quasi-

horizontaldynamics and transportassociatedwith strato-

sphericRossby waves and the polarvortex.They may

be viewed az representing flow on a quasi-horizonr,a[

isentropic_urface or the verticallyintegratedflow of

a layerof the stratosphere[Juckesand Mc(ntgz_. 1987:

Salby, 1988; Salbg etal.. 1990]. A 2-D shallow wa-

ter model is MeaHy suited to _he present study, as it
ishorizontalwave propagation and breaking that isof

interest.The westerly phase of the QBO has largeam-

plitude from near the 50 mbar (--,21 km) level to above

5 mbar (where it merges with a westerly ph_-se of the
semiannual oscillation). The model may therefore be

considered to represent the vertically integrated flow of
any sublayer within this altitude range. The interac-
tion of extratropical Rossby waves with QBO should

be stronger near the middle stratosphere dma near the

lower stratosphere, however, since Rossby wave ampli-
tudes increase exponentially with altkude.

The model used here is the spectral transform shal-

low water model of Hack and .Jakob [1.992]. available
from the Nar.ional Center for" Atmospheric Research and

slightly modified as described below. The vorticity, di-
vergence and continuity equations are integrated for-

ward in time by using explicit, centered differencing
time integration. The model is used with horizontal

resolution T-85. a time step of 180 s. and a global mean

depth of _ kin. The simulation is adiabatic, except, for
sixth-orderhyper diffusion,which isincludedtocontrol

the enstrophy cascade near the limit of resolution. The

diffusion coefficient is chosen to give an e-fording damp-
ing time of t hour at the smallest scales. The model
is initialized with a zonally symmetric flow typical of

the midwinter and is run for 120 days. Rossby wave

forcingisimposed by introducingzonal wave one to-

pography, hr(z, y), having a Gaussian latitudinal pro-
file centered at 55°N. with a half width of t:?..6 ° and

having amplitude hs. The forcing varies in time as

h(t) = hz([ - exp(-t/r))(t - exp((t - I:?0))/r)) undl
day 130 and is zero thereafter, where t is time in days

and r is 5 days. Thus the forcing amplitude _s smoothly
increased to a constant value over the firs_ t0 day's or so

and smoothly turned off between day 120 and day 130.
Simulations with this idealized adiabatic model are used

to study the propagation of Rossby waves from the win-
ter extratropics and their interaction with a QBO west-

erly jet at the equator. The QBO jet is specified in

the initiaI conditions, but no QB@ forcing is included
during the simulation in order to highlight die inter-

action of the Rossby waves with d_e QBO jec. The
disturbed polar vortex is mainly" of in_erest as a source

of equa_or'vard radiating Rossby waves: thus obtaining
the mosc realistic simulation of tlle extratropica! stra;o-

spheric circulation is not a primary concern here. The

model approximately _imuiates quasi-horizontal s_rato-

spheric_ow. No parameterizationoftropicalwave tbrc-

ing is inc[uded, so the QBO is not explicit.[)' "orced.

A simulation having zonal wave one topography with
h s -- 300 t'n is first shown to discuss tiae behavior

of weak lateralRossby wave radiation into _he trop-

ics,followed by a more stronglyforcedcase, hs = 900

m. Both of thesesimulationsdemonstrate the tendency

forthe tropicalwesterlyjet core tosurvive de-spitelat-

eral Rossby wave radiationfrom the winter extratrop-

its. Figure 2 shows the evolution of the zonal mean
wind and potential vorticiw when As = 300 m. This

weakly forced case shows the zonal mean polar |fight

jet to be barely affected by the Rossby wave forcing.
The forced extratropical Rossby waves radiate equator-
ward, where wave breaking in the weak westerlies of _he

winter subtropics creates a well-mixed subtropical surf
zone of homogenized PV and westward zonal mean ac-

celeration. As O'Sullivan and Chen [1996] observed, a
weaker secondary surfzone develops in the summer sub-

tropics, between l0 ° and 20°S, due to the absorption of
Rossby waves from the winter hemisphere ex;ratropics.

Westward propagating Rossby waves radiated into tile
southern hemisphere were also noted in the simulations

of Polvani et aL [1995] and Chert [1996].
Thus wave breaking and zonal mean deceleration oc-

cur at low latitudes on both sides of the tropical west-
erly jet, but very little deceleration occurs at the jet
core. The westerly jet core a_ the equator does expe-

rience a temporary, reversible deceleration of up to --5
ms -t during the simulation, however, due to the pres-
ence of nonbreaking Rossby wave activity there. The
wind speed at the jet core relaxes back toward its ini-

tim value after day 1.30, when wave forcing is turned
off, as wave amplitudes diminish. The jet core does not

completely regain its initial strength by the end of the
simulation, however, as the isolated westerly jet and its

strong PV gradient act as a waveguide containing some

Rossby wave activity, which is slow to decay.

Latitudinal profiles of zonal mean wind during the
simulation, shown in Figure 3, are helpful for highlight-
ing the regions of wave mean flow interaction. The
northern hemisphere subtropics experiences continual

deceleration during the first t20 days but strengthens
again slightly after the wave forcing is turned off. West-
ward acceleration occurs in the southern hemisphere

subtropics around the latitude at which u = g ....
as expected. Rossby waves with westward intrinsic

phase speed at the northern subtropical wind mini-

mum, ca_ < _,,,m, are freely radiating into the south-
ern hemisphere and cause the eastward acceleration far-

ther south where their critical latitudes occur, for exam-

ple, over the range -,-10°S to ---40°S during the period

from day 80 to day I20. Wave propagation south of
---40°S is negligible. The net effect of the ex:ratropi-

cal Rossby waves on the QBO westerly jet has been :o
make the jet narrower on bo_h sides. C'ondnued en-

croachment of the southern hemispheric easterlies into
the QBO westerly jet is halted by die deepening of the
northern hemisphere subtropicaI wind minimuin, which

=
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Figure 3. Latitudinal profilesof _he modeled zonal
mean wind inthe simulationwith the Rossby wave forc-

ing amplitude, As, = 300 m•

effectivelyblocks lateralradiationofstationaryRossby

waves into the tropicsby day 120. The westward prop-

agating Kossby waves are not directly forced in this
model but are apparently generated by the large-scale

a
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wave breaking in _he surf zone :Poluom etai, 1995:

O'$uih_'an ,_nd C,hen. 19961.
The numerical simulation indicates :ha_ _h4 linear

view of wave breaking determined by _io) and cR_

is modified by nonlinearity. On day 40, for exam-

ple. southward radiating linear waves wkh appropriate

phase speeds would find criticallatitudesat northern

latitudesdown to ~21°N, the latitudeof the subttol>-

icalwind minimum _,_i,,.bu_ not again until about

15_S and southward, where _ < _,,,,, again. The simu-
lation shows, however, tha_ deceleration occum within

the _'she[tered zone" of linear '&eory. This effect is due
_o the flake width of finite amplitude critical layers,

which PV maps show extending into the linearly "shel-

tered zone", so wave breaking reaches closer to the jet
core than would be expected from linear theory. Sec-

ondary circulations induced by wave breaking may also
extend the deceleration beyond _he breaking zone.

The PV field (Figure 2) shows d_at the meridional PV

gradient near the equator steepens as a result of the
growth of subtropical surf zones on either side. This

stronger gradient is associated with narrowing of the
westerly jet's meridional profile, as there is no strength-

ening of the jet core speed•
This simulation is next compared with a more strongly

forced case, hs = 900 m, in which wave amplkudes are

zencl mean Zoncl w;nd
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more representativeof _he winter stratosphere,tojudge
from _he disturbance _o the polar vortex.The evo[unon

of the zona[ mean wind and PV are shown in Figure 4

and wind profilesare shown in Figure .5.In this case

the strongerforcingstronglydisrupusthe wintervortex,

causing minor "polarstratosphericwarming events"be-

tween days .50and 70. Subsequently, the vor:exreestab-

lishesitselfnear the pole and experiencesminor disrup-

tionsuntilforcingisturned offbetween day 120 and day

130. The szronger wave forcing leads to greater wave
absorption and zonal mean easterly acceleration in the
winter subtropics, with strongest easterlies of about -16

ms -I developing near 30°N. This compares with ap-
proximately -3 ms -L when ha = 300 m. The PV field

(Figure 4b) correspondingly shows a wider, more active

subtropical surf zone when the fdrcing is stronger. The
summer hemisphere extratropics show that wave break-

ing and PV mixing extend to the pole following the

northern hemisphere's polar warming event. Polvani et
aL [19951 and Chen [t9961 noted similar wave break-
ing extending to high latitudes in the summer hemi-

sphere. The southern hemisphere extratropics experi-
ences much more easterly acceleration than occurred

in the weakly forced case. The most striking feature
of thissimulation, though, is the preservationof the

QBO westerly jet despite the stronger lateral Rossby

wave radiation from the winter hemisphere. A_ide from
transient zonal mean decelerations the jet core experi-
ences very little net deceleration over the course of the
simulation.

The easterly acceleration in the winter subtropics
plays an important role in isolating the tropical west-
erlies from wave breaking as it increases the range of

Rossby wave phase speeds, which are absorbed and pro-
hibited from radiating into the tropics. The value of

_,,_i, determines the phase speed filter cutoff for equa-
torward Rossby wave radiation, so a more westward

_,_i,, reduces the fraction of the extra_ropicaI Rossby

waves that can reach the tropics, whereupon their fa_e
depends strongly on the phase of the QBO. It is the

<
$
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Figure 5. As in Figure 3 but whh ha = 900 m.

value ofgqeo-g,,,, ;hat is of most relevance _.o the ab-

sence of wave breaking a_ :he jet core. however.._._, the

equator, increased westerly jet spe_. go, so. implies in-

creased intrinsic phase speed for the Rossby waves that

can reach the equator, thus making it increasingly dif-

ficult for wave breaking and mean flow forcing to occur

[Fyfe and Held, t9901. In these simulations the quantity

gq_o -_',_-_ is initially about 16 ms -t, a reasonably
realistic value•

The QBO profile used here is unrealistically s_rong at
25 ms-t but is chosen to highlight the pattern of wave

absorption associated with a westerly QBO jet. An ad-

ditional simulation is presented aex_ to examine how

sensitively the jet's isolation depends on the value of

_Qso- The strongly forced simulation is repea_ed iden-

tically, except that the westerly QBO jet is weakened:
_QBo = +I0 ms -t. The profiles of zonal mean wind

(Figure 6) show that the westerly QBO jet core stiIl
survives undiminished, even though g_so - _.-,,i, _ +.5

ms -t initially. The QBO jet survives, because easterly"
acceleration in _he winter subtropics rapidly increases

gQso -g,_,, giving a value of about +20 ms-: by day

40. In this simulation the northern hemisphere sub-
tropical zonal wind decelerates more rapidly and be-
comes more easterly than it does in the case with a

g_so = +25 ms -t jet. This behavior has the effect of

absorbing and filtering out more of the southward radi-
ating Rossby waves, so the southern hemisphere expe-

riences less Rossby wave absorption and easterly accel-
eration.

The simulations highlight the difficulty Rossby waves

have in decelerating the QBO westerty jet core: Filter-
ing by the subtropical wind minimum removes Rossby
waves with critical latitudes near the QBO jet core. so

wave breaking can only occur there if wave amplitudes
are large. Large amplitude, laterally radiating Rossby
waves, will firs_ break [n _he subtropics, however, fur-

ther protecting the tropics by making g,,_,, more east-
erly.

<
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Figure 6. As in Figure 5 hue with EQSo = +£0 ins-:
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3.2. Sensitivity of QBO Simulations to Model
Resolution

These simulations also raise die issue of model res-

olution requirements in simulahng the westerly QBO

phase, ifextra:ropicalKossbv waves radiateinto dle

tropicsas simulated inbarotropic models or in the 3-D

model of O'Sullivan and then [1996].
The importance of model resolution for the westerly

QBO jet is dramatically shown by repeating the first
simulation (he = 300 m) unchanged but with horizon-
tal resolution reduced from T85 to T42. Small-scale

di_ipadon must be increased for the lower T42 sim-
ulation, where a coefficient value of w_ = 6.30 × 102r

m s s-L is used compared to g_ = 4.7.5 x 1.02s m _ s -t

before. Figure T contains meridional profiles of'_ dur-
ing the simulation showing that _l_e westerly QBO je_
is essentially destroyed• A similar result was found in

a T42 version of the second simulation (hs = 900 m)

The zonal mean momentum budget forthisrun shows

that the loss of the westerly QBO jet is not due to

the model's small-scale dissipation acting directly on
the zonal mean, however. The reason for the differ-
ent evolution from the T85 case is related to the effect

of increased small-scale dissipation on wave absorption

at low latitudes, by broadening the meridional width of

the absorbing zone in comparison with that found when
small-scale dissipation is weaker. The broadened sub-

tropical wave-breaking zones on both sides of the QBO
jet gradually weaken the jet, slowly at first but more
rapidly by day 100, in a manner not seen in the less

dissipative T85 simulations. This sensitivity to resolu-

tion is a subtle effect, which is not so apparent in shorter

(---80 day) integrations. The effect should, nevertheless,
be important in longer simulations of the QBO and may

help explain some of the difficulties experienced in try-

i.ng to produce a spontaneous QBO in general circula-
tion models.

Z3_OI .t_.e_o ZO,_at .a[nC

_:o::o....... A t
....._y _2o / \ i
--- ==y so I \
....... _=y ,o 1 } J
-- _cy o %

or ./-,',./t -
/-'.,/

I I I I ] ' ' ' ' , _ I ' : I I I

-SC -_0 -'_C -20 O 2C _-.: _, tiC,
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Figure 7. As in Figure 3 bur wkh small-scale dissi-

pation increased for thislower-resolution(T42) simula-
tion.

4. Discussion

The modeled northern hemisphere Rossbv wave forc-

ing generates • considerable amount of westward travel-

ingRossby wave ac:i',,it',,,, especially later in the simula-
tions, which radiate into _he summer hemisphere and

account for the strong forcing of the summer hemi-

sphere by lateral Rossby wave radiation. (In _he ab-
sence of these westward Rossby waves the summer sub-
tropical wind minimum would not experience wave ab-

sorption and mixing [Bowman and Hu, 1997].) It is

dii_cult to gauge which Kossby wave forcing s_rength is
most appropriate for comparison with the middle and

lower stratosphere. The strong tbrcing, hs = 900 m.
causes more realistic perturbations to the ex:ratropical

flow than occurs with the weaker forcing, he = 300
m. On _he other hand, comparison of the winter sub-

tropical dece[eration suggests tha_ the weaker forcing
is more realistically representing equatorward Rossby
wave radiation intensity. In addition, the simulation

with stronger forcing shows too much Rossby wave radi-
ation into the summer hemisphere judging by the west-

ward acceleration there (Figure 5 and Figure 1), while

the simulation with weaker forcing is more modes_ and
apparently realistic (Figure 3). The Rossby wave per-
turbation amplkudes in the summer sub_ropics of the
weaker forced case are also more consistent with anal-

ysis of cross-equatorial Rossby wave radiation deduced

from UARS constituent da_a [O'Sullivan,199T].

The shielding of the deep tropics from extratropical
Rossby wave breaking during the westerly QBO phase

is consistent with the long survival of the water vapor
"tape recorder effecC [Mote et el.. 1996; Holton et el.,

1995]. This annually varying wafer .vapor mixing ra-
tio signal is imprinted at the _ropopatise and advected

upward through _he tropical lower stratosphere by the
large-scale upweHing circulation..ks with the westerly
QBO winds themselves, this signal would be quickly de-

stroyed by Rossby wave breaking and irreversible mix-
ing in the tropics.

Meridional advection across the equator was negligi-

ble in these adiabatic simulations. This finding is ac-
ceptable, however, considering the weak contribution

meridional advecfion makes _o _he zonal mean budget
of PV or a long-lived :racer in _he tropical stratosphere

below l0 mbar [Dunkerton, L996].

5. Conclusions

Idealized simulations of extratropical stratospheric
Rossby waves radiating to the _ropicsduring the QBO:s

westerly phase show that the equatorial core of _he QBO

westerly jet is remarkably unaffected b.v the incident
Rossby waves, with the maximum wind speed essen-

tially unchanged over the duration of the simulation.
The QBO is unforced and free _o evolve in response _o
Rossby wave absorption in these simulations. Ai:i_ough

most of _he winter hemisphere's extratropical Rossbv

wave activity is absorbed in :he winter sub_ropi<:a[ surf

zone, a significan_ frac:ion :reverses :he QBO je_ befoP
being absorbed in _he summer hemisphere subrropics
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Thus che flanks of the QBO jet in both hemispheres

experience we_ward acce{eradoa in response '_o R.oasby
wave absorption. The net effectofthisischat the QBO

jet becomes narrower meridionally during sotsddal sea-
sons than it was initially. There ts evidence of such be-

havior in assimilated UKMO zonal mean wind data for

the middle and lower stratosphere during the westerly
QBO phase, which was centered on the northern winter

of 1992-1993 (not shown). It is not clear how significant
this tendency is for determining the meridional width
of westerly QBO phases, however.

The simulations presented here are interpreted ia

terms of the filtering effect of the winter subtropical
zonal mean wind on equatorward radiating extrarropi-

cal Rossby waves, as discussed by Bowman [19.96]. This
process depends on the background zonal mean wind as

well as the waves' phase speed and amplitude. Thus the
waves that reach the westerly QBO jet do not encounter

critical latitudes until they reach tlle summer subtrop-

ics. In these sEmulations, and [n reality, the subtropical
weak zonal wind ':filter" evolves to become more effec-

tive in shielding the tropics during winter as the sub-
tropical wind minimum becomes more easterly. Hence

wave propagation across the equator, when the QBO
phase is westerly, is most likely in early winter. Anal-
ysis of UARS constituent fields at _he 10 mbar level
during the winter 1992-1993, where the QBO was west-

erly, shows that significant cross-equatorial radiation

of quasi-stationary and westward propagating Rossby
waves does occur, particulaHy in early winter, when
the northern sub_ropical winds are more favorable _o

propagation tO'Sullivan, 1997].

These results help clarify the paradox of how the ex-
tratropical Rossby waves apparently interact with, and

are influenced by, the QBO without the QBO itself.
close _o the equator, being noticeably affected by the

Rossby waves. The QBO's westerly phases are long-
lived and do not show evidence of easterly accelera-

tion from Rossby wave absorption during win_er sea-

son, according to long-term equatorial rawinsonde ob-
servations (e.g., Singapore, at I°N). The simulations

presented here have show'n that the laterally radiating
Rossby waves interact with the QBO but do not break

near the westerly jet core, allowing the jet core to per-
sist.

This work suggests the interaction ofextratropical

Rossby waves with westerly QBO winds, and commu-

nication of the QBO signet to the extratrop[cal circu-
lation, should be strongest in early winter (especially
December). This is the time of year when the low-

latitude stratospheric winds of the winter hemisphere
(and 7,,_,_) are mos_ westerly and the extratropicaI

Rossby waves are strong.
This paper has focused on the dynamical [nteraction

of Rossby waves with the westerly QBO jet. The ab-

sence of wave breaking in the westerly QBO jet core
implies a lack of horizontal mixing across the je_ axis,

which could manifest itself in long-lived constituent
concentration fieIds as a cross-jet gradient if surf zone
mixing reached dose to the equator. The concentra-
tion of long-lived constituents usually does no_ show

strong meridional gradient, at. the equator during west-

erty QBO. however. _e.g.. Roche et eL. 1996 i, probably
because the eddy-mixing rate usua[ly increases grad-
ually away from _he equator. A case ia which mix-

ing did reach close to a westerly QBO jet. producing
a strong meridioaal gradient of long-lived constituent

at the equator, was seen at 10 mbar and above during
late winter of lgg2, however [Dunkerton and 0 'Sullivan.
19961 .

Finally, the sensitivity of the westerly QBO jet's evo-

lution to model resolution (i.e., small-scale dissipation
strenggh) demonstrated here shows that high horizontal

resolution may be required to capture the persistence of
the westerly QBO jet when B.ossby waves radiate into it

from the winter ex_ratropics. This conclusion depends

on the simulated flux of I:l.ossby wave activity radiating
across the equator having reasonably realistic intensity,
however, a quantity poorly known in reality. The fact
that the westerly QBO jet was obliterated in ghe lower-

resolution simulation even for the weakly forced case
suggests that this conclusion islikely to be relevant for

actual lateral Rossbv wave radiation strengths.
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Abstract. Observations of water vapor with high tempo-
rM and spatial resolution and good horizontal coverage ju_

above the tropical tropopause have been scarce, but a pre-

liminary version of such data has been developed using radi-

ance measurements of the .'v[icrowave Limb Sounder. These

data reveal dis_.inct variations with periods in the ranges i0-

25 days and 30-70 days, consistent with (respectively) slow

Kelvin waves and the tropical intraseasona[ oscillation.

I. Introduction

Signatures of equatorial Kelvin waves were first fotmd in

lower s_ratospheric temperature [W%llace and Kousky, 1968I

and have also been found in trace constituents using satelUte

data [Can_an_ e_ _I. 1994; Ziemke and Stan.ford 1994 I. By

studying ozone and water vapor profiles from the Limb Ia-

fraxed Monitor of the Stratosphere (LEvIS), Kawamo_o et al.

[1997[ idenfiP, s4. Kelvin-wave sig'natures in the lower strato-

sphere, though for water vapor the results were compromised
by poor-quarry data in the lower stratosphere.

In addition to possible KeIvin-wave signatures in [ower

stratospheric water vapor, we atso wish to investigate in

this paper the possibilityof a stratosphericsignature of the

tropical intraseasonal oscillation(TIO). For both kinds of

sub-seasonal variagions we turn to a relatively new water

vapor data set from the .Microwave Limb Sounder (M!.S) in-

strument aboard the Upper Atmosphere Research Satellite

(UARS). While MLS stratospheric water vapor data have

previously been used in a number of studies, the data set

used here [s based on a new retrieval that ex-_ends the data

down to i00 hPa, as explained in section 2. We ana/yze the

spectral characteristics of sub-seasonal anomalies in MLS

water vapor at the I00 and 68 hPa UARS levels.

2. Data

MLS measures water vapor in two spectral bands, 183

GHz and 205 CHz, with best sensitivirf in the stratosphere
and upper troposphere respe_ivety. With the standard re-

trievM, the 183 GHz radiometer yields data at and above

46 hPa with a resolution of about 5 kin. A nonlinear re-

trieval has b_n developed _hat extends the sensitivity to

I00 hPa and doubles the vertical resolution; results _rom

an earlier version of the nonlinear retrieval were presented

Copyright 1998 by the American Geophysical Union.

Paper number 98GL51847.
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and discussed by Mote eg aL [1996]. The retr'_eva[ has been

improved, primarily by eliminating systematic errors and

by speeding up the code to allow all available days to be

processed. The range of available days lies between late

September 1991, the launch of UARS, and Late April 1993,

when the 183 GHz radiometer failed. There are several one-

day gaps, a four-day gap, and a long gap ia June-July 1992

when only a few days of data were taken. Vv'e bridge the

shorter gaps by linear interpolation, and the long gap forces

us to divide the record into woo segments for most analyses.

In contrast to solar occultation instruments, M'LS, be-

cause it measures emissions at _he limb, car gather over 1300

profilesper day. We have formed a zonal, equatorial cross-

section ofwater vapor data in time and longitude by binning

profileswithin 2.5° of the equator in 24 = Longitude bins for

each day, after quality control. All equatorial data values at

100 hPa are flagged by the retrieval as suspicious (meaning

that the error of the retrieved produ_ is greater than one

hal/of the error of the a-priori data) but are nonetheless rea-

sonable in some respects: the seasonal variations agree with

100 hPa temperatures and with HALOE water vapor (Mo_e

et el., _.996 I. The higher-f':equencl, zonally-'wa..Tingfi'._c.ua-

lions of :vILS .-catervapor at !00 hPa also seem reasonable,

and do not arise from the (zonal mean) a-prioridata. but

may be affected by the values at 68 hPa, the ne.xz UARS

levelabove I00 hPa. To be on the safe side, we concen=ra_e
here on the data at 68 hPa.

3. Results

As shown by Mote e_ el. [1996], water vapor has a

Large annum c/de at the tropical tropopause. In fact, low-

frequent; variability accounts for more than 90% of:he vari-

ance. In order to reveal the subtler signature of higher-

frequenq; variations, we high-pass filter the data removing

periods [onger than about 90 days. Vv'ethen remove vari-

ations in the zonal-mean component and consider t'_.'o 25_-

day intervals, one on each side of the data gap in June-July
1992.

For the 68 hPa level (Figure la), a clear signature of

mostly eastward-traveling disturbances emerges. Unli:<e the

slower disturbances at 215 hPa reported by C:ar_. et el.

[1998], which usually vanished above the eastern Pacer,

these disturbances occur at all Longitudes, and sometimes

circlethe globe. For example, the positive anomaly (light

shading) apparent near O° at :he end of September !991 car.

be traced more than once around the globe, returr.ing to 0 °

in mid-October and possibly again in early November.

In order _o elucidate the characteristics of :hese osciIta-

_q.-+ j
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Figure 1. HovmSUer diagrams of (a) equatorial (2.5°S-

2.5°N) 68 hPa water vapor, high-pass (period < 90d) _l-

tered; (b) the same, reconstructed using only eastward

w'avenumbers I-3 and temporal periods 30-128 days (see

lower box in Figure 2a) and (c) as in (b) but for temporal

periods 6-27 da_ (see upper box m Figure ?a). Dark shad-

Lag indicates negative anomalies. Contour interval is 0.04

ppmv in (a) and (c),0.02 ppmv in (b).

tions, we calculate wavenumber-ffequency power spears of

the 256-day se%-ments of data shown in Fig_u-ela and alsoof

the correspondLng data a_ I00 hPa. At each longitude the

_tme seriesdana ar_ _apered at _he endpoints to assure con-

tLauiry when applying the spectral analysis. (The results

are vireuatly identical without tapering.) Then _he :dine-

Longitude data are regressed to findcoefficientsof terms like

cos(kz - nt) where : and e are defined so that k and n

are integers;k varies from -7 to 7 (since there are 15 grid

points) and n variesfrom I to 128,corresponding to periods

between 256 and 2 days.

The resultsare shown in Figure 2. The dominant spectral

peaks are at eastward-traveling wavenumber £ with periods

between I0 and 70 days and a weak minimum at 30 days,

suggesting a division into _wo spectral bands, 10-25 day pe-

riod and 30-70 day period. We discuss the significance of

these two bands separately,tentativelyassociatingthem re-

spectivelywith Ke{vin waves and with the tropical i.ntrasea-

sona[ oscillation(TIO), also known as the .Madden-Julian
Oscilla _io n.

_8 and tO0 hPa levels(Figure 2) with :hose at 215 hPa_ thus

connecting :hem to the TIO as well. Figure lb shows a :e-
q

construe.ion of _he wa_er '_por '_nacions using :he J/mired

., spac_dme coe_e.uts enclosed m :he lower dashed box in

Fl_ur_s 2a and 2b, that is,limited :o way, umbers i-3 and

,,: co periods of 30-128d. Some features (e.g.,i_ March !992)

clearlycorrespond to features in Figure la, and are anticor-

,-. related with _he varmtions a_ 215 kPa (flgu.res not shown,
but d. C/ark e_ al [19981).

The spectral power in the 30-70d band drops by appr_-
=' imately four orders of magnitude beeween 215 and 100 hPa,

due partly to the corresponding decrease LRwa_er _.por mix-
!:"_ ing ratio,and another order of mag'nitude between tO0 hPa

and 68 b.Pa,where the mixing ratios are comparable. The

attenuation with height is cortsis_entwith our _nte.,_reta-
lion of the variations a_ I00 and 83 hPa as an ev'anescem

stratospheric response to the TIO.

3.2. 10-25 day band

In the 10-25 day spectral band, the disturbances are only

attenuated by a factor of 2 bet'ween 100 and 68 hPa. The

[act that shorter periods domLuate at higher altitudes is con-

sistent wEth the observations of Cart_ani et al. [1994] show-

ing distinct spectral bands of slow (roughly 10-20 day), fast
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3.1. 30--70 day band

C_ar]_ _ al. [19931 studied MLS water vapor (from _he

205 GHz c,hanne[)a: 215 hPa: they too found considerable

_pec:ra[ power h the 30-70 day band. antiidentL_d k '.v[th

che TIO. 'vVhiie a signature of the T[O m _he lower s_ra[o-

_phere ha_ no_ generally been an-know[edged, [t seems re,_-

sonab[e :o idea::.&.. [he spectral peaks ,_t30-70 days at :L,:

Figure 2. Power spectra, by w'_venumber and frequency,

of the w'a_er vapor vRriations shown in Figure la for 68

hPa (top two panels) and of _he corresponding variations at

i00 hPa (bottom two panels). Posit!re wavenumbers refer

_o ea_rw, ard w-,,ves, and aega'.i:'e wave:tumbers to ".ve_-.vard

waves. Figures 2a and 2c re._er :o _he first 256-day interval ::
g_gu:e I, and figures 2b and 2d ref=r to the second in:er;'a[

in Figure _..
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Figure 3. Empirical orthogonal _nczio_ of equatorial water vapor at 68 h Pa (a-b) and the time series of their principal

components (c-d). [n Figure 3b, EOF 2 _s Ladicated by the solid cur,'e, EOF 3 by the dashed curve. La Figure 3d, the

(slightly smoothed) principal component time series of EOFs 2 and 3 are plotted against each other to emphasize their
phase relationship.

(5-9 day), and ultrafas_(3-4 day) waves; slow waves domi-

nated in the lower stratosphere and fastwaves in the middle

and upper stratosphere (theirfigures8 and ii). Tsuda et

al. [19941 also [ound a roughly 20-day spectral peak in ra-

diosonde data, cortfined mainly to the 15-20 km attitude

range, and identi_ed it as a Kelvin wave. We also find

(figures not shown) that the equatorial water vapor distur-

bances at these levels are coherent with (but stronger than)

disturbances at both higher latitudesand higher altitudes.

These attributes,with the correct phase relationship,could

be manifestations of Kelvin waves in the water vapor field,

though the i_terpretation is complicated by the factthat the

vertical gradient of water vapor typically changes sign twice

between 100 and 10 hPa [see Mote e_ al., 1996, thei¢ P_te

1].
To emphasize the contribution of the 10-25 day band to

the variations shown in Figure in, we reconstruct the vari-

ations using only wavenumbers 1-3 and periods between

and 27 days (the upper dashed box in Figure 2). The results,

shown in Figure 1c, highlight the coherence of features in

thisspectral band and provide an aid in interp, retmg Figure

In. At times (e.g.,September-November 1991) the resem-

blance between Figure ic and Figure la suggests that the

higher-6requenc/eastward disturbances predominate.

An alternativeapproach for _olatlng the ea.sr, vard-traveling

variations seer in Figure 1 is to calculate empirical orthogo-
nat 6unaioas (EOFs). We do this _or the entLve data record

(not just the _vo intervalsof Figure I) at 68 and i00 hPa

separately;the resultsfor 88 hPa are shown in Figure 3, and

the resultsfor I00 hPa (not show'a) are very similar. The

firstEOF (Figure 3a) is nearly zonally _etric and ac-

counts forapproximately g4_ ofthe variance,and itsassoci-

ated ti_e series(Figure 3c) represents the seasonal variation

in the zonal mean; this seasonal variation is formed by the

seasonally varying tropopa_e temperature, and advected

upward as discussed by Mote e_ al. [1996]. The second

and third EOFs (Figure 3b) each explain about I% of the

variance,have comparable eigenvalues,have wavenumber-i

struczure, and are :empora[ly in quadrature, as revealed by

the pre',zlence of circular patzerns in Figure 3d. These char-
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a_-'.eriscicsalldescribe a conjugate pair o6 EOFs, indicating.;

char :.%eydesc.':bea traveling osczllacion.Their time series

indicate varia::onsac a range of periods buc molly aem: 20

days, _ shown by visual inspec=ion and by spec=ral and au-

rotor:elation analysts. The Largest cross-cor:eiationLs ac a

[a_ of 4 days, Lndica:ing a combined period near i5 days.

4. Discussion

T_u_a _t aL [19941 s_ated that "upward flux of water

vapor.../n_o the equatorial szracosphere can also be modu-

lated by the ac_ivit-y,of Kelvin w-_ves." The variations in

tropical tropopause temperature shown [n theLr _gure ).7

(approximately 185K to _.93K) correspond to a variationin

saturation mLx.ing ratio _rom 1.5 to 5 ppmv..'VILS w_ter _-

pot variations L,%the sub-seasonal frequency range, oa the

other hand, are only a few tenths of a ppmv; this discrep-

ancy" could be attributed to a number of causes, including

the verticalresolution and sensitivityof the ,.'v[LSretr£eva[.

It seems likelythat the data ac I00 hPa contain useful

information not just at [ow frequencies,as already demon-

strafed by #[ote et al [19961,but also at sub-seasonal fre-

quencies. These data provide an important link between

lower stratospheric and upper tropospheric water vapor, a

link that will be investigated _rther. in _he present paper

we have shown that sub-seasonal variationsin lower strato-

spheric water vapor are probably due to the jointinfluenceof

slow Ke[vin waves and the T!O, but we have not established

that this interpretation is correct. Subsequent papers will

investigate (I) the relationships of the Kelvin-wave signa-

tures shown here to those i, water vapor at higher levels,as

wellas to those in temperatu.re; (2) the relationshipbetween

lower stratospheric and upper tropospheric water vapor in

the 30-70 day band.

NASA conct_c'.sNASI-96071 _nd NAS5-32562, and work in the

U.K. by NERC.
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Abstract. The Microwave Limb Sounder (MLS), an instrument on the Upper Atmosphere

Research Satellite (UARS), measures water vapor in the upper troposphere, with best

sensitivity at the standard UARS level at 215 h.Pa. In this paper, we analyze the MLS

observations with a view to characterizing the temporal and zonal variations of upper

tropospheric water vapor between 20°N and 20°S. Time series of water vapor throughout

the tropics show a strong annual cycle with maximum amplitude at 20°N and 90°E.
An intraseasonal cycle with a period of 30-85 days is evident over the Western Pacific at

latitudes from 10°N to 20°S. The cycIe is associated with eastward propagating disturbances

of zonal wavenumbers 1-2, suggesting that this intraseasonal cycle is related to the Madden-
Julian oscillation.

1. Introduction

Water vapor is a significant absorber and emitter of in-

frared radiation and is the most dominant greenhouse gas

[e.g., Ho,tghton etal., I990; Jones and Mitchell, 1991]. The

response of the climate to increases in anthropogenic green-

house gases depends upon the water vapor feedback, which

is generally believed to be positive; increased global temper-

atures Iead to an increase in water vapor, in turn contributing

to further warming. Linch.on [1990] suggested that increased

global temperatures and consequent increased convection

may lead to a drying of the upper _oposphere through sub-

sidence, which could offset some warming. Some debate

still surrounds this idea as more recent papers suggest [e.g.,

Chou, t990.; Soden, 1997; Spencer and Braswe!I, 1997] and

the primary, reason for the continuing uncertainty is the lack

of adequate global water vapor measurements in the upper

troposphere.

Historically, measurements of the water vapor field have

relied upon radiosonde profiles; the accuracy and spatial ex-

tent of which are limited [e.g., Elliot and Gaffen, 1991.; So-

den and Lanzante, 1996]. Radiosonde profiles are confined

tAlso a_ Ioint Institute for the Study of the Atmosphere and
Ocean, University of Washington, Seattle
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largely to northern hemisphere landmasses with the result

that the water vapor fietd in the upper troposphere of the
tropical, region has been poorly observed. Satellites provide

a better way to achieve greater spatial and temporal cover.

age. The Microwave Limb Sounder (MLS) on the Upper
Atmosphere Research Satellite (UARS) is sensitive to wa-

ter vapor in the upper troposphere. With a 3 km field of

view in the vertical, it has greater vertical resolution than

that of infrared instruments such as .Meteosat [Schmetz and

Turpienen, 1988], the U.S. Geostadonary Operational Envi-
ronmental Satellite (GOES) [Soden and Bretherron, 1993],

and the TIROS Operational Vertica[ Sounder [Salathd and

Chesters, 1995], which are sensitive to water vapor in a

broad layer of the upper troposphere --- 300hPa thick. The

NILS measurement of upper tropospheric humidity (b'r'H)

is relatively insensitive to cirrus clouds, giving it additional

advantages over infrared techniques. The temporal resolu-
tion of MLS is better than that of solar occultation instru-

ments such as the Stratospheric Aerosol and Gas Experiment
2 (SAGE I13 from which measurements are limited to -,, 30

per day. For several years, MLS has provided daily coverage

of the tropical region since its launch in September t991.

The MLS water vapor data reveal synoptic-scale features
and detrainment streams extending from tropical convective

regions [Read etaL, !.995], as well as the gross annual vari-

ations of the zonal mean [E!son oraL, 1996]. In the tropics,

NeweIl eral. [1996] have shown that the observed distribu-

tion ofwater vapor is consistent with _heWalker circulation,

and Ne_veH et aL [ t997] have shown :.hat upper tropospheric
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watervapor iscloselyrelatedtoseasurfacetemperatu_ vari-

ationsin the easternPacific.In thispaper,the .MLS mea-

surement wtil be used to examine the temporal and zonal

variability of upper tropospheric water vapor in the tropical

region and to account for the observed variability by relating
it to known processes.

2. Data

UARS is in an almost circular orbit at an altitude of

585 km and art inclination of 57 ° to the equator [Rebec

1993]. It makes -,, to, orbits each day with adjacent orbits

being separated by ,-, 2670 ka-nat the equator, thereby allow-
ing a zonal mean and six wavenumbers to be resolved. MLS

makes a limb scan perpendicular to the orbit path at tangent
heights from 90 km to the surface. Each scan takes 65.5 s

and consists of a profile of measurements which are usu-

ally retrieved onto 15 pressure levels. MLS provides a 3 km

field of view in the vertical. Latitudinal coverage changes
from between 80°N and 34°S to 34°N and 80°S because the

satellite performs a yaw maneuver about every 36 days, but

the tropical region is observed daily, enabling a nearly con-
tinuous time series to be constructed. The M7_.S instrument

is described in more detail by Bararh et al. [I993], and the

measurement technique is described by Waters [1993].

The 205 GHZ channel on MLS is principally used to mea-

sure chlorine monoxide but it is sensitive to water vapor in

the upper troposphere when concentrations are in the range
of I00 to 300 ppmv [Read et aL, 1995]. The best sensi-

tivity occurs when the water vapor concentration is about

150 ppmv; of the standard UARS pressure levels, it is at 215

b.Pa (-,- 12 lcm at low latitudes and --, 7 km at high latitudes)
that this concentration most often occurs. We therefore focus

our study on the 215 hPa level.

Retrievals in the upper troposphere may be affected by

thick cirrus clouds. In the tropical region between 6 and

12 kin, the retrievals are not significantly affected, but at
latitudes poleward 40 °, a significant fraction of the mea-

sured radiances may come from scattering by cirrus clouds
[Bond, 1996]. Ice crystals in cirrus clouds at a concentra-

tion of 0.l g m -3 over a horizontal distance of 120 km

could contribute to 20% of the absorption coefficient at
215 hPa but will usually be less, and at concentrations less

than 0.0l g m -3 the effect is negligible treader aL, I995].
The data are derived from the initial MLS U'FH retrieval

as described by Read er aL [1995]. A new and improved

MLS UTH retrieval has recently been developed, which
among other features has a formal error estimation calcu-

lation and has been compared with Vaisala thin-film capaci-

tive radiosonde measurements. Comparisons with the newer

product show the current analyzed product at 215 hPa, which

is used in this paper, to be biased high by 50-60 ppmv (ev-

erywhere) and to have a precision of" 5 ppmv.

Footprints were interpolated onto points spaced every. 5 °

in longitude around latitude circles at 20°N, 10°N, the equa-

tor, 10°S, and 20°S Footprints that fell within a given "search

radius" of these points were given a distance weighting based

upon the regression retrieval and space-time interpolation

method used by lack.son et aL [1990]. A se_ch radius

of 2150 km was used with a scaling d.istance of I000 km

so that foot'prints 1000 krrt away from the given grid point

have a relative weighting of lie whereas any that fall di-

rectly on the grid point have a relative weighting of I. Zonal

and meridional winds and verdcal velocity were taken from

the European Centre for Medium Range Weather Forecast's

('ECNfW'F') initialized reanalysis data, which are _m'idded with
a 2.5 ° by 2.5 ° resolution on the standard pressure levels.

3. Results

Whereas Elson et aL [1996] focused on the variability

of zonal meart water vapor in latitude-dine plots, we focus

on the variability of zonal cross sections in Iongitude-time

plots. First, we discuss the variability at low frequencies
that is associated with the annual cycle. Next, we discuss
intraseasonal variability and the connection between water

vapor and meteorological fields.

To create longitude-time plots, the MLS footprints were

first interpolated onto grid points as described in section 2.

Data gaps were then filled in time using a Kalman filter.

Most data gaps are of only 1 day, but a gap of --, 2 weeks

occurred in Iune 1992. The resulting longitude-time plots

for the time period from December I., 199 l, to May 3, 1993,

are shown in Plate I, with the five regions showing the five

latitude bins between 20°N and 20°S. Gaps longer than 3
days have been masked.

3.1. The Annual Cycle

In Plate 1 and particularly in Plates ia, lb. Id, and le.

an annual cycle in mixing ratio is apparent. Mixing ratios
are high in local summer over continents when convection is

strong and low in local winter when convection is weaker.

The northern hemisphere latitudes, 20*N and 10°N, are

shown in Plates Ia and lb respectively. The highest water
vapor mixing ratios occur between 50°E and t20°E over the

Indian Ocean and SE Asia from May to September when

convection is strong. The annual cycle was isolated by least

squares fitting to a sine wave. It is most pronounced in the re-
gion influenced by the Indian monsoon. At 20°N and 90°E,

over the Bay of Bengal, it accounts for 80% of the variance

in water vapor. Local maxima in the annual cycle occur just
west of Panama as Newell etaL [1997] have noted, and min-

ima over the cold eastern Pacific and Atlantic Oceans.

At the equator (Plate Ic), the range of mixing ratios is

smaller than at the other tropical latitudes. The smaller range
is probably because the Intertropical Convergence Zone

(ITCZ) is rarely situated at the equator itself [Philander et

aL, 1996]. The maximum mixing ratios are located over the

Indian Ocean and Indonesia. The minimum mixing ratios

occur over the eastern Pacific and are subject to an east-west

migration on annual timescales, resulting in lower values ex-

tending further west in J'une-August and further east from

November to lanua_'. As noted by ,Vewe[l et _!. [1997], the

amplitude of the annual cycle, like the range, is smallest at
the equator, and probably for the same reason. At ;.he equa-
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Figure 1. Amplitude of the annual cycle in water vapor mix-
ing rado (ppmv) at 10°S and 215 hPa.

tor, it exhibits its maximum amplitude at 90°W, off the coast
of South America, where it accounts for 53% of the variance.

Newell et aL [1997] showed that water vapor variations in

the region 80_-90°W and 0°-10°S ate related to variations

in sea surface temperature (SST) caused by E1 Ni_o and also

to anomalous changes in SST; the latter account for ~56%

of the water vapor variance.

In the southern hemisphere, Hates Id and le, mixing ra-

tios are _eater over Indonesia and South America during
summer and lower over the eastern Pacific in winter. In

the longitude-dine section (Plate ld), strong annual cycles
can be seen over the African continent and South America.

Figure i shows the variation of the amplitude of the annual
cycle with longitude at 10aS and reveais further local max-

ima over Indonesia and the mid-Pacific. The influence of the

cold eastern Pacific in suppressing convection and leading
to a drier upper troposphere and of the warm western Pacific

leading to a moister upper troposphere is evident in Plate

id. This constitutes the Walker circulation with rising air in
the west and subsiding air in the east. The influence of the

Walker circulation on upper tropospheric water vapor from

MLS has been noted by NewefI etal. [1996] in two sho_
periods of data from September 17 to October 22, 199 i, and

February 7 to March I4., 1994.. Here, the presence of the

Walker circulation can be seen to be a more persistent fea-
ture. Mixing ratios over the western Pacific show east-west

migration similar to that at the equator, with low humidity
found further west during winter, when the ocean is colder.

Eastward moving features during the summer months origi-

nate over the warm Indian Ocean and are quickly terminated

once they reach the eastern Pacific. These have a higher fre-

quency than the annual cycle and are investigated by analyz-
ing the dme series with a focus on intraseasonal timescales.

3.2. Intraseasonal "variability,

One of the main modes of variability in the tropics is
the Madden-luiian oscillation (MJO) [Madden and J, dian,

1971]. The MJO comprises Iarge-sc_le circulation anoma-

lies associated with convective anomalies which propagate

eastward at 3-6 m s-t. The dynamical signal of MJO, in

zonal wind and _urface pressure, has a period of 30-60 days

and can be detected across the ',ropics. The convective signal
has a broader range of 30-95 days [e.g.. Kiladis and Weick.

mann, t992: Salby and Hendon, t99,.t] and is strongest in
the Indian Ocean and western Pacific.

Eastward moving moist features ate apparent in the wa-

ter vapor fields (Plate i) and are most prominent at 10°S in
southern summer. The moist anomalies at i0*S cover lon-

gitudes from 90*E to 245°E (I 15°W). One such feature be-

gins at 105°E and travels to 1900E in ,,-22 days, thus moving

with a speed of "-,5 m s-t. At the equator during southern

summer, there are eastward moving features similar to those

at 10*S, but they are less intense; during southern winter,

eastward propagation is less common. Similar propagation
of moist anomalies occurs at 10°N in northern summer with

a more limited longitudinal extent, being confined mostly
to the Indian Ocean. There is also evidence for the eastward

movement of dry features between 130 ° and 280°E in not'th-

em hemisphere winter at t0 ° and 20°N (Plates la and Ib).

In this section, the eastward moving moist features and their

reladonship to the MJO will be discussed.

The periodicity of the disturbances at a fixed longitude

may be investigated from the power spectrum or from the Iag

con'elogram. For a data set Iike that in Plate I, the lag cor-

relo_am has some advantages, as it is insensitive to change
of phase in the waves from one winter to the next and to

whether the wave period is a proper harmonic of the length
of the data set. Furthermore, it can reveal some information

even when the waves exist for little more than one period.

Figure 2 shows the lag con'elogram for 160°E and 100S
based on the 520 days of data used for Plate 1. Here, t60°E

is illustrated as the longitude which exhibits the _eatest in-

traseasonat variability. The annual cycle and low-frequency

variability was removed from each longitude using a t50 day

Butterworth filter. Also shown is the red noise background
spectrum computed from lag-one autocon'eladon [Gilman et
aL, 1963] and the 95% confidence limits. The data have an-

dcorrelation less than -0.2, at lags of 20-35 days, weIl be-
low the red spectrum and significant at the 95% level. This is

suggestive of waves of period 40-70 days, an interpretation

supported by the existence of positive correlations at lags of
4.0-70 days. Inspection of Plate 1 suggests that these cor-

relationsarise from features which are only apparent in the

southern summer months. Only slightly over one cycle is

apparent in each year and so very high correlations cannot

be expected. Moreover the magnitude of the correlation at

the wave period will be necessarily less than that at the half

period. By cross-correlating the time series at each longi-

tude with the time series at 160"E using different lags, the

estimated propagation speed was confirmed to be 4-5 m s-t .

Figure 3 shows how the power at each frequency varies

with longitude for 10°S. The strongest signal corresponds

to a frequency of 0.0[4. days -t or a period of 70 days and

falls within the frequency range associated with the convec-

tive signal of the .MJO. The power spectrum was tested for

significance at 95% by computing the signaI to red noise ra-

tio at each longitude and comparing it with d-,e chi-squared

distribution following the method of Giz'mav e: ,2!. [t9631
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At 70 days and 160°E, values greater than 1 t2ppm 2 are sig-

nificant. The signal is confined in longitude from 140 ° to
180°E. This area, over the western Pacific, has been shown

to exhibit strong intraseasonal variability in outgoing long-

wave radiation (OLR) which is often used to infer deep con-

veer.ion. Salby and Hendon [1994] examined II years of
OLR data from the advanced very high resolution radiome-
ter (AVIqRR) and found that intraseasonal behavior was co-

incident with centers of climatological convection and warm

sea surface temperature, with maxima over the Indian Ocean

and western Pacific and secondary maxima over the eastern

Pacific, Africa, and South America. They noted that most of
the intraseasonal variance occurred over the Indian Ocean.

This contrasts with the signal in water vapor which is domi-

nant over the western Pacific. The absence of a signal in the
water vapor field over the Indian Ocean may indicate that

convective moistening is not reaching the 215 hPa level

In order to focus on the intraseasonal frequency range
characteristic both of the MJ'O and of the eastward mov-

ing disturbances seen in Plate I, we filtered the water vapor
data with a 30-85 day Butterworth band-pass filter similar

to that used previously in studies of OLR [e.g., Salby and

Hendon, I994; Zhang and Hendon, 1997]. When applied

to 520 days of data at 10°S and 160°E, the 30-85 day filter

band accounted for 35% of the total power compared with

19% for the annual cycle. Mixing ratios in this band vary. by
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Figure 3. Power spectrum, as a function of longitude and frequency, of deseasonalized water vapor at
215 hPa. Contour intervals ate 50 ppmv _.
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-- 60 ppmv. At the equator, incraseasonal activity occurring
in the 30--85 day band accounts for 35% less power than at
lO°S.

At I0°S the water vapor anomalies, consistent with the

OLR signal [Salby and Hendon, 1994], possess a strong sea-

sonality that is apparent in the longitude-dine section (Plate

Id). The eastward propagating anomalies are strong when

the ITCZ is near the latitude in question (local summer)
but virtually absent when the ITCZ is not (local winter).

When the eastward propagating anomalies are strong (De-
cember 1991. to March 1992), intraseasonal variability ac-

counts for as much as 63% of the total variance, but, when

they are weak .(August-November 1992), intraseasonal vari-

ability only accounts for 7% of the total variance.

Further insights about the nature of the intraseasonaI vari-

ability come from a wavenumber-frequency spectral analy-
sis. The low-frequency variability was removed from 520

days of data using the 150 day band-pass filter as before,

and the filtered data have been regressed against zonal and

temporal harmonics of the form cos(kz - _t) to identify the

power at discrete wavenumbers k and frequencies Wl Fig-

ure 4 shows the results of this analysis. There is very little

power at the lowest frequencies, owing to the filtering; most

power is concentrated in positive (eastward) wavenumbers

1-3 with periods from 30 to 60 days. Modes at k = 0 have a

small share of the power, mostly at 37 and 74 days and rep-

resent a zonally symmetric mode. Because the zonal struc-

ture and frequency of the water vapor anomalies are similar

to those usually identified with the convective component of

the M.TO (e.g., OLR), we tentatively identify these anomalies
with the MJO.

To separate the modes of variability suggested by Fig-

ure _, we calculate extended empirical orthogonal functions

(EEOFs) [Weare and Nasstrom, 1982, Wang etaL, 1995].

Their more common cousins, empirical orthogonal functions

(EOFs) , identify coherent variations by finding eigenvec-

tots of the (symmetric) covariance matrix and ranking these

eigenvectors in descending order of variance explained• For

the longitude-time array of water vapor at 10°S, the covari-

ante matrix for ordinary EOFs would be formed by sum-

ming (in time) the covariance qi(t)q_ (t) of water vapor qi(t)

at every combination of longitudinal grid points. The EOFs

would be one-dimensional functions of longitude and would
yield a clearer picture of zonally coherent variations. Ex-

tended EOFs are found by calculating covariance of water

vapor at each _'id point not just with water vapor at other

grid points but also at different lag times I, i.e., qit, where

the lag varies in this case between -60 and +60 days at 5
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day intervals. EEOF anaI.vsis yields a dearer picture of zon-
ally and temporally coherent variations.

The first four EEOF_ are shown in Fieure 5. EEOFs (and

EOFs) sometimes occur in conjugate pairs, identified by the
closeness of their eigenvalues, by their associated time series

which are in quadrature and by :heir spatiotemporal struc-

ture which is also in quadrature. The significance of conju-
gate pairs is Oat they describe a quasi-periodic osciiladon of

some sort. The first pair or" EEOFs in figure 5 have the char-

acterisdcs of a conjugate pare as do the next pair of EEOFs.

The next four EEOFs (not shown) form two more conjugate
pairs, but their interpretation is more dit'ficu!t. The oscil-

lation indicated by the first pair or" EEOFs shows eastward

propagation between about TS'E and 200=E (as in Plate td?:

and the time tag between maxima is 55 days. The phase

speed of anomalies is 3-4 m s -t. High varianc_ is con-

fined to the l'ndian Ocean and _estern Pacific (75:E-200=E).

By contr_t, the oscillation indicated by :he second pair of

EEOFs is somewha: more broadly dis_r!bmed in longitude.

shows no identifiable ea_'._ ard or .a es:'.,-:rd propaga,'ion, and

the time lag between maxima is 35 days.

The time series of _he .:ee/_.:ien:s or :he EEOFs. or pr',n-
cipal components FPC_ F;,_'ure 6_. ,-_'.c.'! bc_.h :h_: :n_rasea-
sonaI cycles and the _c:,.-n:J e:_',e:,'?-" _::h ,;::.'::::r '.:r!-

ante during southernwinter as .noted above. Spectrai anai-

ysis confirms what a visual insnec:ien sugges:s: Tine dome-

nant spectral peak for PC I and PC2 is at 50 de? s. _ hiIe _he

dominant spectral peak for PC3 and PCz is at 36 days. _Note
that the tempora[ resolution of :he PCs is 1 day. while the

temporal resolution of" the EEOFs is 5 days._ Based on _he

spatiotemporal structure revealed in Figure 5 and the char'_c-
teristics of the time series just discussed, it seems reasonable

to associate the first pair of EEOFs ,.rich the band of variance

at 50---60 days and wavenumbers t-" in Figure : and :o as-
sociate the second pair of EEOFs with :he _: = O mode at 37

days in Figure 4..

Figure 7 is a reconstruction of the longitude-time section

in plate ld using combinations o( the PCs. The original

longitude-time section is shown for comparison alongside

reconstructions using PC I and " onI':. PC 3 and " on['., and
PC i, '_ 3 and 4 combined. Fi,",P 7 highlights theeastward

moving anomalies in the original Jata an_ ,.em,,n _t, ares how

the eastward propag,_.[ion is _:apu:red b,.. the EEOFs..xb.>t _,,f"

the eastward propag:::ion wes: ,f :h: da:e[iae is oi.:ked ,_,u:

by EEOF t and 2. EEOF 3 and - .tc.:,_un_ :or '.c>s )t :_:e va:-i-
ante, but their inc!usi_,n incrc:.se, d'e a::s".,:.r2 :_:::.z: ,r d_:
anomalies.

3.2.1. Relationship _ith ,_tht.r me[enr,q,,_icul ri_:!d.,.
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In order to strengthen the proposed identification between
the water vapor anomalies and MIO, the water vapor field
is compared with vertical velocity and zonal winds obtained

from ECMWt:: reanalysis. W'eexamine the lifecycle of water
vapor during the eastward moving event in December 1991

to February 1992 identified in section 3.2, and compare this
to midtropospheric vertical velocity at 500 hPa. Both quan-
tifies are plot_ed as 5 day averages in Figure 8 where water

vapor mixing ratios >170 ppmv are shaded in Uey and up-
ward vertical velocity less than -0.05 Pa s -t is colored black.

The dates indicate the middle of each pentad.
From December i7-22, mixing ratios >t70 ppmv are

spread out in a band along the equator. Several small pock-
ets of vertical velocity are strung out along the equator from
Africa as far as 135=W and there is indication of the South

Pacific Convergence Zone (SPCZ). On the December 27, the

distribution of high water vapor begins to shift from Africa
and the Indian Ocean toward Indonesia. Similarly, the distri-
bution of pockets of vertical velocity has shifted from Africa
and the Indian Ocean toward Indonesia. Both the SPCZ and

the ITCZ are we!I pronounced in the vertical ve!ocky field.

On the Ianuary I, there is a large vertical velocity pocket
over the west Pacific and a corresponding area of high mix-
ing ratio is beginning to develop. By Ianuary 6, the moist
area has moved eastward from _ndonesia to become centered

over the western Pacific and vertical velocity is still strong
at this time. On the Ianuary l I, the pocket of vertical veloc-
ity begins to break up, but water vapor mixing ratios remain
high and continue to migrate eastward and to intensify along
the SPCZ. The SPCZ remains a strong characteristic in both
the vertical velocity and water vapor fields until February 5,
but lingers as a feature in water vapor for a further 5 days.
On the February 10, the small pockets of vertical velocity
have returned to Africa and the Indian Ocean and mixing ra-
tios have begun to increase here also. Finally, water vapor
disperses from the SPCZ.

This correspondence between water vapor and vertical ve-
locity illustrates a strong relationship between high mixing
ratios and convection and indicates that the convective sys-
tem as a whole moves eastward rather than thewater vapor
being adverted along at the 215 hPa level. The par'terns of
water vapor mixing ratio are similar to those in OLR dur-
ing the M.rO in March-April t988 described by Matrhews er
al. [1996]. Both begin as a low intensity band along, and
mostly south of, the equator which becomes organized over

Indonesia and the west Pacific and is followed by develop-
ment in a southeast direction along the SPCZ. Again. the
SPCZ remains prominent in the water vapor field for longer
than in OLR. Kn.tson and We;.ck.zann [19g7] noted :he de-
velopment of OLR from the Indian Ocean _.othe SPCZ. Ru:
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and Wang [1990] found that development along the SPCZ

occurred in strong M50 events, and .Warthe_vs eral. [ t996]

found that enhancement or excitation of convection along

the SPCZ is observed in virtually all MJOs from 1979 to
1988.

The high water vapor mixing ratios also appear to be re-

lated to westerly wind bursts in the lower troposphere. Wang

[1988] showed that although the mean surface winds in the

tropics are easterly, they are often westerly in the region

where convective anomalies associated with the :",[3'0 origi-
nate. Zhang [[996] found that deep convection tended :o oc-

cur in connection with 850 hPa wester!:, wind perturbations,

and Hendon and Click [1997] showed :hat westerly wind

anomalies were related to enhanced evaporation. A time se-

ries of zonal winds at 350 hPa and t0°S is shown in Figure 9.

Regions of westerly wind are evident during southern sum-
mer in both 1992 and t993 and are welt co,dated with the

eastward moving moist features in the longitude-time plot of

water vapor (Plate [d). The longitudinaI extent of the ',,vest-

erly winds in 1992 (from -¢0°-200°E) corresponds we[I with

the more evident eas_,,vard propagation in r.he water vapor

field of this year.
In contrast to the zonal winds at 1,3:S. westerly wind

bursts at the equator (not shown} are 'seeker and have a

limited longitudinal extent.. Sim{_ari'.. Z::::.r,,_,,.:e:d E_,,:do,:
[1997] who also used 35; hP: zonal 'a :",2s :':_::: "heEC.M':CF

analysis showed that :he maximum intraseasonal variance in

zonal wind was off the equator and concentrated in the west-

ern Pacific. This is an ',mportant reason for the mixing ratios

being higher at IO:S :hen at the equator and further indica-

tion _hat the high mix_r,g ratios are a resuh or'enhanced evap-
oration and convection. The fact that the largest variances

do not lie on the equator appears to be in conflict ,.,,ith those
theories which attribute the .MJ'O to moist Keivin waves, as

remarked by Zhang a,_d Hendon [1997].

3.2.2. Interannual variability. There have been sug-
gestions that the biJO ','aries in strength from year to year

and that this may be feinted to the El Ni,'5o-Sou_hern Oscil-

lation phenomenon _e.g.. Lm, and C;,a,. t986i. Accord-

ingly, we have investigated the behavior of :he NILS up-
per tropospheric humidity data for other years. There ate

some practical diffizu',r, ies with this as data gaps preventa

detailed investigation of the southern summer months. The

data gaps have increased in !eng:h as _he spacecraft and in-

strument have aged and make later years mere diificult to

study. Longimde-:im..e sections for sou._hern summer periods
are shown for I0:S in 9_ate 2 rot all the avai!abie MLS data.

Data have been _rea:e_ in :he same ",va_as for Plate t. Be-

cause there. Wer_ no; s= fS.cient data far ;he sct-O',er.=summer

o( [99-=-1995. _ha" .:er.od is omiued

Signs ,_i e.L,.:'.veel - :_.:a,_a'i,,.r, at, • ":',,c_: a.eCa:en_, i.':. '.99 t-

1992 "._he: m_x:n< :_'-:.;_ Ye:we:': :.-,._ and ',>;5 _c'::', reach
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as far as 240_E (120%V). This is further east than in any

other year, and it should be noted that this was an E1 Nifio

year [Trenberrh, 1997]. In all other years, mixing ratios

> 1.70 ppmv never extend further east than 2t0°l_ (150°w').
Knutson and Weickmann [ !.987] noticed similar behavior in

OLR, and proposed that low sea surface temperatures or de-

scending motion associated with the Walker circulation sup-

press furr.her eastward development. Hence, the greater ex-

tent of the anomalies in [99[-t992 is probably a result of
the eastward shift of convection that is a fundamental com-

ponent of ENSO.

In i992-!.993 (Plate lb). _he 30-$5 d:z? t_Ite: band ac-

counts for 52% of the v_riance .:_m_a:,.'d ',_ith 63% in !99 [-

1992, and in 1992-1993 eastward movement is less evident.

In the summer of 1993-t994 (Plate 2c), total variance is

the same as in 1991-[992, but that associated with east-

ward propagation is Iess. In 1995-t996, a La NiAa year

[Trenber_h, t997], the lowest mixing ratios of any of the

years, <70 ppmv, are reached over the eastern Pacific, and

the mean and maximum mixing ratios are also lower than in

other years, with the maximum mixing ratios never exceed-

ing "_'_"_._ ppmv. Although :he data [n 1996-[997 are sparse.

mixing ratios c--n be seen to be as high as those in 1.991.-

1992, and there may even be 5i_.ns of e_stward propagation

in late February and ear[', March. High mixing rectos do not
have the same eas_,._a:d e_:ent as in I99:-1992. Set'b3 and
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Hendon [1994] found that the convective signal w_ absent
during the strong EaNSOcycle of 1982-1983 The relation-
ship between the MJO and ENSO warrants further investi-

gation.

4. Conclusions

We have shown that water vapor in the tropical upper tro-
posphere varies on both annual and intraseasonal timescales.
The annual cycle can be clearly seen in iongimde-dme sec-
tions of water vapor, but during southern hemisphere's sum-
mer, variability at intraseasonal dmescaies exceeds variabil-
ity at the annual timescale. The annual cycle is most pro-
nounced over the landmasses of South America and Africa,

in agreement with thestudy by Newell et aL [1997]. Al-
though the annual cycle [s generally smaller over the oceans,
local maxima occur in some oceanic locations, notably in re-

gions influenced by the Asian monsoon and over Indonesia
and the central Pacific.

Longitude-time sections revealed eastward moving moist
anomalies that were most prominent at 10°S from December
1991 to March 1992. It is significant that this period coin-
cides with an El Nifio. The features originate in the Indian
Ocean and propagate at speeds of 3-4 m s-t until they reach
the eastern Pacific. The EEOF analysis and wave-frequency

analysis reveal eastward propagating modes at 30-60 days.
These spectral characteristics in space and time (Figures.
4, 5, and 6) together with the longitudinal Iifecycle of the

• moist anomalies observed in longitude-time sections, resem-
ble those of the M.IO. We therefore identify the anomalies
with the convective component of the MIO. The longitudinal

extent of the intraseasonal signal was limited to the western
Pacific where it dominated over the annual cycle during the

time period from December 1991 to May 1993.
In addition to the eastward propagating modes interpreted

as the MIO, zonally symmetric modes with periods of --,37
and 74 days have also been identified from the EEOF anal-

ysis, combined with spectral analysts of theprincipal com-
ponents (Figures 5 and 6) and from power-spec_xtm analy-
sis and wavenumber-frequency spectral analysis (Figures 3
and 4). These may be related to standing components of

tropical convection which have been observed in OLR and
150 hPa divergence [e.g., Hsu eraL, 1990; Zhu and Wang,
1993; Zhang and Hendon, 1997].

A sequence of pentad maps showed the movement of
moist anomalies from Africa across the Indian Ocean, in-
tensification over Indonesia and the West Pacific and devel-

opment along the SPCZ. The vertical velocity field has sim-
ilar characteristics, lending support to our assertion that the
moist anomalies at 215 hPa are associated with slowly trans-

lating convection. The origin of the moist anomalies would
appear to be enhanced surface evaporation during westerly
wind bursts, which were seen to be strongly correlated with
water vapor and are known to play an important part in gen-

erating and maintaining the MiO.
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